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ABSTRACT

EFFECTS OF MIXTURE DESIGN PARAMETERS AND COMPACTION
METHODS ON THE PROPERTIES OF ROLLER COMPACTED
CONCRETE PAVEMENTS

Sengiin, Emin
Doctor of Philosophy, Civil Engineering
Supervisor: Prof. Dr. ismail Ozgiir Yaman
Co-Supervisor: Prof. Dr. Halil Ceylan

November 2019, 191 pages

The aim of the thesis is to develop laboratory compaction methodology suitable for
simulating field compaction procedures used for creating roller compacted concrete
(RCC) mixtures. Based on this methodology, mechanical performance and fracture
properties of RCC mixtures of different strength classes were determined and long-
term fatigue performance of RCC mixtures with different strength levels was
investigated.

In this context, a three-phase experimental study was designed. First, mixtures with
different binder content and water amounts were prepared, and samples were made
using different compaction procedures. A compaction methodology using a double
drum vibratory hand roller was also implemented to represent field compaction
procedures in the laboratory and was used to prepare RCC specimens in the later
stages of the study. Second, the effects of RCC mixture parameters on RCC properties,
especially fracture parameters, were determined for different binder contents and
maximum aggregate sizes. Finally, for three RCC mixes of different performance
categories, the flexural fatigue performance was determined and expressed as S-N

curves. The experimental results show that ideal RCC mixtures can be achieved with



water amounts of 5-6%, Vebe times in the range of 30 +10 sec, and a compaction ratio
higher than 96%. It was also observed that fracture toughness was enhanced with
increasing binder dosage and maximum aggregate size, although the increase in binder
dosage or maximum aggregate size did not significantly change the fracture energy.
Moreover, the average fatigue strength of the RCC mixture, corresponding to 2 million
load cycles, was found to be about 62.5% of the ultimate static strength. Above all,
compaction ratio, which is influenced by not only compaction methodologies but also
mixture designs, is found to be the most important parameters affecting RCC

properties.

Keywords: Roller Compacted Concrete Pavement, Compaction Methodology,

Mechanical Performance, Fracture Parameters, Fatigue Behavior

Vi



Oz

BETON KARISIM TASARIMI PARAMETRELERININ VE SIKISTIRMA
YONTEMLERININ SILINDIRLE SIKISTIRILMIS BETON KAPLAMA
OZELLIKLERINE ETKIiSi

Sengiin, Emin
Doktora, insaat Miihendisligi
Tez Damsmani: Prof. Dr. Ismail Ozgiir Yaman
Ortak Tez Danismani: Prof. Dr. Halil Ceylan

Kasim 2019, 191 sayfa

Tezin amaci silindirle sikistirtlmis beton (SSB) karigimlarinin  laboratuvar
kosullarinda dogru ekipman ve tasarimla, saha ortamindaki ger¢ek performansini
yakalayabilmesi i¢in uygun bir sikistirma metodolojinin gelistirilmesi ve daha sonra
bu sikistirma metodolojisi kullanilarak farkli dayanim smiflarindaki SSB’lerin
mekanik ve kirilma 6zelliklerinin belirlenmesidir. Son olarak ise farkli dayanimlara

sahip SSB’lerin uzun siireli yorulma performanslarinin aragtirilmasidir.

Bu amagla ii¢ asamali bir deneysel calisma planlanmistir. Birinci asamada, farkli dozaj
ve su oranina sahip SSB karigimlar1 hazirlanmis ve bu karigimlardan, farkl sikistirma
prosediirleri dolayisiyla farkli sikistirma dereceleri  kullanilarak numuneler
hazirlanmistir. Ayrica, saha kosullarini laboratuvar kosullarina aktaran ¢ift tamburlu
titresimli el silindiri kullanilarak uygulanan bir sikistirma metodolojisi de bu
baglamda gelistirilmis ve sonraki numune hazirlamada kullanilmistir. Ikinci asamada,
gelistirilen bu sikistirma metodolojisiyle SSB tasarimlar1 yapilarak, SSB karisim
parametrelerinin (baglayic1 miktari, agrega gradasyonu) SSB 6zelliklerine, 6zellikle
de kirilma parametrelerine etkisi gozlemlenmistir. Son olarak bir 6nceki asamada elde

edilen farkli performans kategorisine ait {i¢ tane SSB karisimi i¢in egilmede yorulma
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Gerilme-Cevrim (S-N) iliskisi belirlenmistir. Sonug olarak, ideal SSB karisimlarina
%5-6 su oranlari, 3010 sn Vebe siireleri ile %96’dan daha yiiksek sikisma
oranlarindaki karisgimlar ile elde edildigi goriilmistiir. Kirilma parametrelerinden
kirilma toklugu ise baglayicit miktar1 ve maksimum agrega boyutu ile artis gosterdigi
goriiliirken, karisimlarin kirlma enerjilerinde baglayici miktarinin ve maksimum
agrega boyutunun 6nemli bir etkisi goriilememistir. Son olarak, SSB karisimlarin
yorulma davranislarina bakildiginda, karisimlarin ortalama yorulma dayanimlari nihai
statik dayanimlarinin yaklasik %62,5°1 oldugu goriilmiistiir. Her seyden 6te, sadece
sikistirma yontemlerinden degil ayn1 zamanda karigim tasarimlarindan da etkilenen
stkisma oraninin, SSB 6zelliklerini etkileyen en 6nemli parametrelerden biri oldugu

tespit edilmistir.

Anahtar Kelimeler: Silindirle Sikigtirllmis Beton (SSB) Kaplama, Sikistirma

Metodolojisi, Mekanik Performans, Kirilma Parametreleri, Yorulma Davranisi

viii



To my family,



ACKNOWLEDGEMENTS

First of all, I want to thank Allah almighty who gave me the health and power to be
able to complete my study. | would like to express my sincere gratitude to my advisor
Prof. Dr. I. Ozgiir Yaman for continuous support during my PhD study. | would like
to express my sincere gratitude to my co-supervisor Prof. Dr. Halil Ceylan for all of
his assistance and guidance and being a mentor to me although he has a busy work

schedule and lives on another continent.

I would like to express my gratitude to Dr. Burhan Alam. | would also express my
gratitude to thesis progressive committee members Prof. Dr. Mustafa Sahmaran and
Assist. Prof. Dr. Hande 1. Oztiirk for their insightful comments and encouragement. |
would also like to thank Prof. Dr. Murat Guler, for providing me access to the
Transportation Engineering Laboratory at METU. | would also like to extend my
gratitude to Prof. Dr. Lutfullah Turanli, the head of the AYBU Department of Civil
Engineering, and to AYBU academic members in civil engineering department who
did not hesitate to provide me with needed support during this period. | also thank my
colleagues in AYBU and the METU Materials of Construction Laboratory. My special
thanks go to my colleague Omer Mercimek. For the experimental phase of my PhD
study, | would like to first thank PhD candidate Reza Shabani, as well as the graduate
students Mehmet Ali Aykutlu, and Mustafa Soytorun and laboratory worker Sadik
Karakas for their full contribution.

Last but not least, | would like to specially thank my lovely wife Hacer and my
daughter Ayse Siieda, for their endless support, patience and for providing my

motivation in this work.

I am thankful to The Scientific and Technological Research Council of Turkey
(TUBITAK) for two years of financial scholarship support. This thesis was funded by
The Scientific and Technological Research Council of Turkey (TUBITAK) as a RCC

pavement research project (Project no. 116M523).



TABLE OF CONTENTS

ABSTRACT ettt ettt b e ae e be e nre e e e v
OZ bbb vii
ACKNOWLEDGEMENTS ... X
TABLE OF CONTENTS ... e XI
LIST OF TABLES ...t Xiv
LIST OF FIGURES ... e XVi
LIST OF ABBREVIATIONS ... XXii
LIST OF SYMBOLS ... XXIV
CHAPTERS
1. INTRODUCTION ...ttt 1
2. LITERATURE REVIEW ... 5
2.1. RCC Pavement CONSIIUCLION.........ccueriririeieiriesieese sttt 5
2.1.1. RCC Material Selection and Mixture DeSign ........ccccceverereneieniesieriereenns 5
2.1.2. Compaction Methods of RCC Specimens in the Laboratory ..................... 7
2.1.3. Performance of RCC PaVemENts .........ccccoviiiririiiieene e 12
2.1.4. Literature Review DiscusSion - Part .........c.ccocveiiiieniieniiseeeen 15
2.2. Fracture Properties of RCC PaVements.........cccooviiririeieienene e 19
2.2.1. The Application of Fracture Mechanics to Conventional Concrete ......... 20
2.2.2. Fracture Properties 0f RCCS ..o 24
2.2.3. Literature Review DiscussSion- Part Il ..o 25
2.3. Fatigue Behavior of RCC PaVEMENTS.........ccceieriiiiiiiieieie e 27
2.3.1. Background to Fatigue Failure ..., 27

Xi



2.3.2. Fatigue Behavior of Conventional CONCrete..........ccoccvvverviieieenie e 31

2.3.3. Factors Influencing Concrete Fatigue Behavior............cccoccvvvvieiiciinnnn, 32
2.3.4. Fatigue Behavior 0f RCC ..o 34
2.3.4.1. Concrete Technology Laboratory (CTL).....cccccvvvvevveiesiieieerie e 35
2.3.4.2. Canada Cement Association (SEM-2002013, 2003)..........cccceevennenn 36
2.3.4.3. Concrete Technology Laboratory (CTL)-(Okamoto, 2008).............. 38

2.3.4.4. American Concrete Pavement Association (ACPA) (Roden, 2013) .38

2.3.4.5. Other studies on RCC fatigue behavior ............ccccccvveveiiieieerecieennn 39
2.3.5. Literature Review Discussion- Part Hl.........cocoeeeeeeeeeeeeeceeeeeeee, 42
3. EXPERIMENTAL STUDY ...ttt 45

3.1. Phase I: Effect of Laboratory Compaction Methodologies on the Properties of

R e e e raeare e e araeeanes 45
3.1.1. Material Selection and Mixture DeSIgN..........cccoevevieieneieneneniseeeeen, 46
3.1.2. Test Procedures and Compaction Methods...........cccooevveieiinnenieseennnn, 52

3.2. Phase II: Mechanical Properties and Fracture Parameters of RCC Mixtures . 68

3.2.1. RCC MiXture SEIECLION ........coveieiiriiieisie e 69
3.2.2. RCC Specimen Preparation and Test Procedures ...........c.ccocvevvrveeneennnn. 70

3.3. Phase IlI: Fatigue Performance of RCC MIXtUres .........ccccccovveveivieieeieiiennnn, 76
3.3.1. RCC MiXture SEIECLION ........ooveiiiiiiieisieiece e 77
3.3.2. RCC Specimen Preparation and Test Procedure............ccocoeevverveeneennn, 77

4. EXPERIMENTAL TEST RESULTS AND DISCUSSION .......ccccoeiiiiiiiniee 85
4. 1. PhaSe I RESUILS ......oviiiiiiieici e 85
4.1.1. Experimental Results of Different Compaction Methods........................ 85

Xii



4.1.1.1. Effects of Mix Parameters on Physical and Mechanical Performance of
RRC IMIIXEUIES ...ttt sttt e te e sraeteeneesrae e e 92

4.1.1.2. Effect of Compaction Ratio on Physical and Mechanical Performance
OF RRC MIXIUIES ...ttt bbb 101

4.1.1.3. Comparison of Laboratory Compaction Methods with DDVHR

Practices on RCC PaVEMENL............covoiiiiieieiiesieseseeie e 104

4. 1.2, DISCUSSION ...ttt ettt 106
4.2. Phase 1 RESUIES ........oouiiiiiieeece e 109
4.2.1. Experimental RESUIS ........c.cviiiiiiiie e 109
4.2.1.1. Compressive and Flexural Strengths...........ccccooeiiinnnininicen, 109
4.2.1.2. Fracture Parameters - RILEM Procedure............ccccoovnereiincncinncnn 115
4.2.1.3. Total Fracture Energy - JCI Procedure .........c.ccoeevvevieieeieeieseeennn, 128
4.2.1.4. Characteristic LeNgth .........cccoiiieii i, 134
4.2.2. DISCUSSION ...ttt ettt 136
4.3. Phase T RESUILS .......ccueiiiiiiiisee e 140
4.3.1. Flexural Fatigue Test Results of RCC MiXtUures ..........cccoovvvvvreneeeennn, 140
4.3.2. Comparison with Fatigue Curves in Literature............ccoeceveverivevesennnnn. 145

4.3.3. The Relationship between Fracture Parameters and Fatigue Behavior of

RCC MIXEUIES ..ottt bbbttt 149
4.3.4. The Effects of Binder Content on RCC Fatigue Behavior ..................... 157
4.3.5, DISCUSSION ...ttt ittt sttt nb bbbt 159
5.  SUMMARY, CONCLUSIONS AND RECOMMENDATIONS ................... 167
REFERENCGES ...ttt 173
CURRICULUM VITAE ..ottt 189

Xiii



LIST OF TABLES

TABLES

Table 2.1. Some mixture design and performance values in RCC pavement studies
(Sengun, Aykutlu, & Yaman, 2017) ......ccoocveiiiiiieie e 18

Table 2.2. Some mixture design methods and compaction methodologies used in RCC

pavement studies (Sengun et al., 2017) .....ccoeiiiiieie i 19
Table 3.1. RCC mixtures and compaction methods used in this phase................... 46
Table 3.2. Chemical composition of cementitious materials used in the study......... 47
Table 3.3. Basic physical properties of fine and coarse aggregates. ..........ccccceeeveneen. 48

Table 3.4. Lower and upper limits used to determine aggregate grading in RCC mix
designs (ACPA, 2014; KGM, 2013).....ccceiiiiiirieieiirieieesiesieese e ne 49
Table 3.5. RCC mixture proportions for a cubic meter ..........ccccoccvvivevenienivenesie s 51
Table 3.6. (a) The total number of specimens prepared for the first phase of
experimental study and (b) experimental plan.............ccccooeviieieiiciin s 68
Table 3.7. RCC mixture proportions of the second phase of experimental study for a
(o1 o] [0l 0 1= (= OSSR 70
Table 3.8. RCC mixture designs to be investigated fatigue performance (kg/m?3)...77

Table 3.9. Load parameters for RCC fatigue testS.........ccccevveveiiieiieve e 81
Table 4.1. Fresh properties of RCC mixtures (CoV % in square brackets)............... 86
Table 4.2. 28-day dry density and bulk density of RCC mixtures (CoV % in square
DIACKELS). ..ttt 87
Table 4.3. 28-day volume of permeable pore void and water absorption capacity of
RCC mixtures (CoV % in square brackets). .........ccccevvevveiiiiesiece e 88
Table 4.4. 28-day compressive strength of RCC mixtures (CoV % in square brackets).
................................................................................................................................... 89
Table 4.5. 28-day splitting tensile strength of RCC mixtures (CoV % in square
0] 22101 ] ) TSSO PRTR 90

Xiv



Table 4.6. Results of double drum vibratory hand roller (DDVHR) for specified water
AIMOUNTS ...ttt et bt st e e s e e e b e e e sn e e b e e e sn e e s ne e e nn e e nn e e nr e e nnreennes 104

Table 4.7. Average Vebe time, compaction ratio (CR) and compressive strength at 2,7

and 28 days fOr RCC MIXIUIES. ......oeuiiieiierie et 110
Table 4.8. Average 28-day flexural strength values and coefficient of variations of
RCC MIXEUIES ...ttt bbbttt bbbt 114
Table 4.9. Fracture test results of RCC mixtures according to the RILEM TC 89-FMT
(1990) PrOCEUUIE .....eveeieeee sttt sae et et esbeeste et e sneesneenneanes 121
Table 4.10. Fracture energy (Gr) test results according to the JCI-S-001-2003
PIOCEAUIE. ...tttk b bbbttt ettt b e bbbt e e e 130
Table 4.11. Load parameters for fatigue test..........ccccoevvveiiiicieccie e, 141
Table 4.12. Results of 28-day flexural fatigue test for RCC mixtures..................... 142

Table 4.13. Comparison of fracture parameters obtained with fatigue sample sizes
(10x15x35 cm?®) in this phase and standard sizes (RILEM 8x15x70 cm?; JC1 10x10x35

CM3) N the PrevioUS PRESE .........ccvevevieeeeeieeee ettt 151
Table 4.14. Results of Pearson’s correlation coefficient for RCC mixture. ........... 157
Table 4.15. Results of the linear regression analysis and ANOVA table ................ 159

XV



LIST OF FIGURES

FIGURES

Figure 2.1. Compressive strength vs density relationship for various RCC mixtures
(SCNrAdEr, 1992) ...ttt re e 8

Figure 2.2. The maximum allowable strength vs. moisture content curve with respect

to compaction techniques (Schrader, 2003)..........ccoceiieriiieieeie e 10
Figure 2.3. Unit weight vs. the number of gyrations curve for Superpave gyratory
compactor (Amer et al., 2003) ........cccoiiriiiiieiee s 12
Figure 2.4. a) Concept of FPZ (Kim & Buttlar, 2009), b) Mechanisms of crack
propagation for concrete (Akkaya et al., 2003; Jimenez Pique, 2002).........c............ 21
Figure 2.5. Typical sinusoidal constant amplitude fatigue load ...............c.ccceveeneen. 29
Figure 2.6. Typical S-N curve (R.1., Stephens, Fatemi, R.R., Stephens, & Fuchs, 2000)
................................................................................................................................... 30
Figure 2.7. S-N fatigue curve for RCC mixtures (Tayabji & Okamoto, 1987)......... 36
Figure 2.8. A total of 141 RCC fatigue data obtained from the literature for the new
fatigue model to be developed by ACPA (Roden, 2013) ......cccccveveiieiveiieniereeeene 39
Figure 3.1. Fine and coarse aggregates gradation.............ccocevenerenenenencsieseeeenens 48

Figure 3.2. The combined aggregate gradations (a) Dmax 12 mm (b) Dmax 19 mm ..50

Figure 3.3. Mixing RCC mixture with rotary drum mixer and shovel on the ground

................................................................................................................................... 53
Figure 3.4. RCC mixture consistency and applied Vebe test ...........ccocvvvririvnicinnnn, 54
Figure 3.5. Compaction of RCC mixtures by modified proctor method (ASTM D1557)
................................................................................................................................... 54
Figure 3.6. Compaction of RCC mixtures by vibrating hammer method (ASTM
0515 1) TP 55
Figure 3.7. Compaction of RCC mixtures by vibrating table method (ASTM C1176).
................................................................................................................................... 56

XVi



Figure 3.8. Compaction of RCC mixtures by SGC method............cccccevvviviniriennnenn. 57
Figure 3.9. Test specimens prepared from @15x30 cm cylindrical samples. ............. 58
Figure 3.10. Specimens for 28-day compressive strength (ASTM C29), splitting
tensile strength (ASTM C496) and density, water absorption and voids in hardened
CONCIELE (ASTIM CBA2) ...ttt sttt sbe e e nreas 59
Figure 3.11. Tests on specimens for; (a) 28-day compressive strength (ASTM C29),
(b) 28-day splitting tensile strength (ASTM C496), (c) density, water absorption and
voids in hardened concrete (ASTM CB42) ........coveveieeieeie e 59
Figure 3.12. (a) Density- water ratio (b) 28-day compressive strength- water ratio
relationships for RCC deSign MIXIUIES. .......ccoveiiiiiriinierine e 60

Figure 3.13. Relationship between Vebe time and water ratio for RCC design mixtures

.................................................................................................................................... 61
Figure 3.14. Typical compaction process for asphalt paver ............cccocovvriviiniennenn. 62
Figure 3.15. Wood and steel molds used for DDVHR ..........cccccovviiniiiiiininene, 63

Figure 3.16. Vibratory plate compactor (VPC) application representing field paver
compaction process prior to DDVHR application for RCC mixtures............ccccoe.... 64
Figure 3.17. Process of preparation of RCC mixtures using vibrating and non-
vibrating double drum hand roller ... 64
Figure 3.18. Surface undulations for some RCC mixtures during DDVHR application

Figure 3.19. Shrinkage measurements on RCC road produced in the laboratory......66

Figure 3.20. Cutting beam specimens (a) and cylindrical coring specimens of 15 cm

(b) from RCC road compacted by DDVHR............cccoiiiieiiccceece e 67
Figure 3.21. Application of VPC and DDVHR for RCC mixtures in the second phase
OF eXPErimMeNntal STUAY .......cooiiiiiiiee e 71

Figure 3.22. Cutting plan of core and beam samples on the plate to determine
compressive and flexural strength and fracture parameters of each RCC mixture....72
Figure 3.23. Geometry of four-point flexural strength test specimen and the loading
CONFIGUration (ASTIM C78) ....cueiuiiiiiiiieiiiieiee e 73

xvii



Figure 3.24 Geometry of three-point bending fracture test specimen and loading

apparatus (JCI-S-001-2003).......ccueiuerieriiiieieeieseeseesie e se e e see e e e eseesreeneesneesreas 73
Figure 3.25. Geometry of three-point bending fracture test specimen and loading
apparatus (RILEM TC 89-FMT, 1990) .......cceiiiiiiieiieniisesieieie e 74

Figure 3.26 Taking the cores on the RCC plate and reducing the plate sizes with walk-
behind concrete saw CUtting MAChINE ..........ccoiviiieie i 74
Figure 3.27. Preparation of beam specimens and notching, the example of (a) the
(010111 T 0 OSSPSR 75
Figure 3.28. Some RILEM beam samples that could not be adequately obtained due
to difficulties encountered during cutting and sample views after the test................ 76
Figure 3.29. The plate cutting plan for the beam specimens used in flexural fatigue

and fracture tests (Note: sample locations are not fixed, test samples are selected as

Figure 3.30. RCC plate prepared for fatigue test and test specimens of 10x15x35
cmicut from plate (C400-D12-W5.5) .......cvvivivrieeeeieeeeeeeie e, 80
Figure 3.31. Photos from four-point flexural beam fatigue testing (C200-D12-WS5).

Figure 3.32. Typical results from fatigue test (between 0.70*Pmax and 0.20*Pmax )
applied on a specimen 10 times per second. (Number of cycles to failure =26776). 83
Figure 4.1. Relationship between 28-day compressive strength and density, porosity,
28-day splitting tensile strength (red 200 kg/m?3 - blue 400 KG/M®).......cccovevvrevennnee. 91
Figure 4.2. A comparison between the compressive test results based on the maximum
aggregate sizes for the same RCC mixtures (red 200 kg/m? - blue 400 kg/md)......... 92
Figure 4.3. a) Density-water ratio and b) compressive strength-water ratio relationship
obtained by the production of RCC mixtures by modified proctor, vibrating hammer
and VIDrating table ..o 93
Figure 4.4. Relationship between compressive strength, water ratio and compaction
mMethod (ADrams, 1918) ......ccii i s 94
Figure 4.5. Relationship between water amount and compressive strength at 28 days
for each compaction MEthOd.............cuviiiiiiii 95

Xviii



Figure 4.6. Effect of the gyration numbers on RCC mixture design a) 28-day
compressive strength (ASTM C39) b) density (ASTM C642) ........cccccvevvevivevriinennnn. 96
Figure 4.7. a) Compressive strength comparison with respect to gyration numbers, b)
Splitting tensile strength comparison with respect to gyration numbers (red 200 kg/m?®
= DIUE 400 KO/MB3) ...ttt ettt 97
Figure 4.8. Relations between compressive strength and water ratio for SGC method
a) C200-D12, b) C200-D19, ¢) C400-D12, d) C400-D19 .....ccoccvverveiiiieiee e 97
Figure 4.9. Relations between density and water ratio for SGC method a) C200-D12,
b) C200-D19, c) C400-D12, d) CA00-D19 ......ccocoiiiieiiiiiiee et 98
Figure 4.10. Comparison of compressive strengths obtained from the first four
compaction methods w.r.t vibrating hammer a) 200 kg/m®cement dosage b) 400 kg/m?
CEMENT HOSAGE .....veeuveeveeite ettt ettt ettt e et e st e e e s be e teese e s be e teeseesreeteeraesbeenteaneenrens 99
Figure 4.11. Comparison of compressive strengths obtained from the first four
compaction methods with reference to SGC (60 gyrations) (red 200 kg/m? - blue 400

Figure 4.12. The relations between the compressive strength and Vebe time of all RCC
mixtures. (red 200 kg/m?3 - blue 400 KG/M3)........coovvieriiireiieeeceeee e 100
Figure 4.13. Relationship between compressive strength and compaction ratio for
RCC mixtures (red 200 kg/m3 - blue 400 KG/M®)....c.ovvvevvvicieerceeeeee e 101
Figure 4.14. Effect of RCC mix parameters on the compaction ratio (VH, MP and VT
are abbreviations of vibrating hammer, modified proctor and vibrating table,
FESPECTIVEIY). ettt bbbt 102
Figure 4.15. Vebe time and compaction ratio relationship (red 200 kg/m? - blue 400

Figure 4.16. Comparison of the results obtained from the DDVHR with the other four
laboratory compaction methods a) 28-day compressive strength b) density c)
COMPACLION FALIO......ueeiiiiieite ettt ettt et e e s e e be e esreesaeensesreenaeens 105
Figure 4.17. The shrinkage results obtained from RCC specimens..............cccc....... 106
Figure 4.18. Relationship between cement dosage and compressive strength of 2, 7
and 28 days fOr DDVHR. ........cooiiiiiiiiicee s 112

XiX



Figure 4.19. Relationship between cementitious dosage and compressive strength

development with respect to concrete age for DDVHR. .........cccocoviieiicvviieceee, 113
Figure 4.20. Determination of flexural strength of RCC mixtures according to ASTM
O £ TSRS PRPTSRRN 113
Figure 4.21. Relationship between binder dosage and flexural strength. ................ 115
Figure 4.22. Three-point bending fracture test (RILEM TC 89-FMT 1990) on notched
RCC SPECIMEN. <.ttt e s be et e e e raesteeseesreenteaneenres 116
Figure 4.23. Loading and unloading compliances (Ci and Cy) from Load-CMOD curve
(CA00-DL9-WS5.5). ...t seeseees et s s 116
Figure 4.24. The load-CMOD graphs obtained by RILEM TC 89 FMT procedure for
seven different RCC MIXIUIES. .......ooviiiiiieieieie e 119

Figure 4.25. Relationship between fracture parameters obtained by RILEM procedure
AN DINAET HOSAGE. ....vevieiieiieie et 123
Figure 4.26. Relationship between strengths and fracture parameters, (a) critical stress

intensity factor, (b) critical crack tip opening displacement, (c) initial fracture energy

................................................................................................................................. 125
Figure 4.27. Typical fractured surfaces of specimens from each RCC mixture at the
end of the RILEM teSt ProCEAUNE .........coviieieieieie e 127
Figure 4.28. Determination of fracture energy of RCC mixtures by three-point bending
test applied on notched beam according to JCI-S-001-2003 standard .................... 128
Figure 4.29. Load-CMOD curves for each RCC mixtures obtained by JCI procedure.
................................................................................................................................. 131
Figure 4.30. Average Load-CMOD curves for RCC Mixtures...........ccccevvevveivennnn 132

Figure 4.31. Relationship between total fracture energy (JCI-S-001-2003) and binder
(o[0T Vo PSSP TP URPRORPP 132
Figure 4.32. Typical fractured surface of the samples at the end of the JCI test
PIOCEAUIE. ...ttt ettt ettt e st e et e et e et e e be e teessesbeebeensesaaeaeensesbeentesneenres 133
Figure 4.33. Variation of the characteristic length with regards to the binding amount

and Maximum agQregate SIZE.........ccccuiiririreeierie ettt 135

XX



Figure 4.34. The relationship between characteristic length and (a) strengths, (b)
RILEM fracture parameters in RCC MIXLUIES. ........cccevviieeieeieeie e 136
Figure 4.35. S-N curve for each RCC mixture under flexural fatigue loading (a) 200
kg/m?® binder dosage (b) 400 kg/m? binder dosage (c) 600 kg/m? binder dosage ....143
Figure 4.36. S-N fatigue curve and equation for all RCC mixtures (total of 61 samples)

Figure 4.37. A comparison between the fatigue curve developed in this study and the
fatigue curve obtained by Tayabji & Okamoto, (1987) and ACPA (Roden, 2013).146
Figure 4.38. Comparison of developed RCC fatigue curve with current RCC fatigue
curves in the literature (B: binder content (kg/m?; W: water ratio by weight, w/c: water
LCO =T a0 1=T o A LA ) OSSOSO 147
Figure 4.39. Comparison of RCC fatigue curve with conventional concrete fatigue
CUNVES ettt ettt ettt ettt ettt e ekt e ekt e st e e e m bt e e a bt e am ket eem bt e e an b e e e bbb e e bn e e e nbr e e nnnneennnneens 149
Figure 4.40. Determination of fracture parameters in the third phase of the
EXPErIMENTAl STUAY ....c..eivieiiee et 150
Figure 4.41. Load-CMOD graphs obtained by three-point bending beam specimens
with the dimension of 10x15x35 cm? for each mixture according to the JCI procedure
(JCI-S=001 2003)......0eiereireiierieresieiiee e e et re st st sa e be st e e ebesae s resaeeereerens 152
Figure 4.42. Load-CMOD graphs obtained by three-point bending beam specimens
with dimension of 10x15x35 cm?® for each mixture according to the RILEM procedure
(RILEM TC-89 FMT 1990) .......rvureeirereeieeeeeesessessssessssssesssessesssesssssssnsessnsesnees 153
Figure 4.43. Comparison of fracture parameters obtained by standard specimen sizes
and fatigue specimen sizes for the same MIXtUrES .........cccccveveveeie i, 154
Figure 4.44. The relations between slopes of fatigue curves and fracture parameters
(@) Kic (b) CTODc obtained from Phase Il and Phase 11 ...........cccooevviiniininennne 156

XXi



LIST OF ABBREVIATIONS

ABBREVIATIONS

ACI American Concrete Institute
ACPA American Concrete Pavement Association
ANOVA Analysis of Variance

ASTM American Society for Testing and Materials
CCM Cohesive Crack Model

CEB European Committee for Concrete
CMOD Crack Mouth Opening Displacement
CoV Coefficient of Variation

CR Compaction Ratio

CTL Concrete Technology Laboratory

CTOD Crack Tip Opening Displacement

DCT Disc-shaped Compact Tension

DDVHR Double Drum Vibrating Hand Roller
FCM Fictitious Crack Model

GBFS Granulated Blast Furnace Slag

GDH Turkish General Directorate of Highways
HCF High Cycle Fatigue

HMA Hot Mix Asphalt

JCI Japan Concrete Institute

LCF Low Cycle Fatigue

LEFM Liner Elastic Fracture Mechanics

LVDT Linear Variable Differential Transformer
MPa Megapascal

MR Modulus of Rupture

xXii



PCA
PCC
RCC
RILEM

SEM
SGC
S-N
TPFM
VPC

Portland Cement Association
Portland Cement Concrete
Roller Compacted Concrete

International Union of Laboratories and Experts in Construction
Materials, Systems and Structures

Size Effect Model

Superpave Gyratory Compactor
Stress-Life Fatigue Approach
Two-Parameter Fracture Model

Vibratory Plate Compactor

XXiii



SYMBOLS

ac

Ci
CTOD.
Cu

Ec

ch
Kslc

|ch

Pmax
Pmin
RZ

Smax

Smin

LIST OF SYMBOLS

Critical effective crack length

Initial loading compliance value

Critical crack tip opening displacement
Unloading compliance value

Elastic modulus

Strain

Diameter

Compressive strength

Splitting tensile strength

Fracture energy

Energy Release Rate/Initial Fracture Energy
Stress intensity factor

Critical stress intensity factor or fracture toughness
Critical value of stress intensity factor from TPFM
Characteristic length

Number of load cycles to failure
Significance level

Maximum load

Minimum load

Coefficient of determination

Stress ratio

Maximum load level

Minimum load level

Toughness, area below load-CMOD curve

XXiV



Omax

Omin

Stress range
Stress amplitude
Mean stress
Maximum stress

Minimum stress

XXV






CHAPTER 1

INTRODUCTION

Roller compacted concrete (RCC), as the name suggests, is a concrete technology
produced from the same components as the traditional concrete that accomplishes
compaction using the heavy vibrating-steel-drum rollers and rubber-tired rollers
during the fresh state. Aggregates that account for 75-85% of RCC volume have
significant effects on RCC properties such as workability, compaction ratio,
mechanical performance, and durability. Even though RCC has the same ingredients
as conventional concrete, since it must have a stiff consistency to hold the roller when
fresh at the same time be wet enough to allow the aggregate to disperse inside the
paste. RCC has a higher fine/aggregate content, different gradation, less binding
material, and lower water content than conventional concrete pavement (Harrington
et al., 2010).

With the development of vibratory compaction equipment in the 1970s, this
technology began to be used in Canada and the United States and this use was later
continued in other countries, with improved speed, economic, sustainability and
advantages provided by RCC accounting for its increased use in dams, airports,
industrial warehouse, military fields, pavement structures, and many other
applications (Agar & Tasdemir, 2007; Ozcan, 2008; Yaman & Ceylan, 2013). Since
1980s, especially in road construction, RCC pavements have been widely used in
France, Germany, Norway, Sweden, Finland, Denmark, Germany, Austria, Argentina
and Japan, while in the USA alone RCC pavement usage has exceeded 12 million
square meters since 2011 (Yaman & Ceylan, 2013). Preference for using RCC
pavements even in countries with little concrete road experience mainly results from
the fact that this type of pavement can be constructed using the same equipment used

in constructing traditional hot-mix asphalt (HMA) pavements. In addition to its rapid



applicability, the experience gained from many applications abroad has demonstrated
its economic benefits, since RCC unit costs are lower than those of conventional
concrete and asphalt pavements (Pittman, 2012). Lower cement content, shorter
construction times, and lack of need for forms or reinforcing bars during the
construction process has significantly proven the economic benefits of RCC

pavements.

In Turkey, the proven advantages of RCCs have led to their use in dam construction
as well as for urban and rural road construction under both municipal and provincial
administrations. The first RCC application in Turkey was the downstream cofferdam
of the Karayaka Dam in 1982 and 1983. The first RCC dam in Turkey, Sugati, was
put into service in 2000 (Ozcan, 2008), and the first Turkish RCC road applications
were tailored as a test strip in Antalya in 2007 under the “Economical and Sustainable
Pavement Infrastructure for Surface Transport” (known as Ecolanes) project within
the scope of the European Union under the 6th Framework Project (Neocleous,
Pilakoutas, & Guadagni, 2009), and more extensive use was carried out by the Denizli
Metropolitan Municipality in 2009. Thanks to the principal advantage of RCCs, that
they can be produced by the same equipment used for the traditional flexible asphalt
pavements, they have been widely used in both rural and urban road construction,
mainly by the Samsun Metropolitan Municipality as well as by some other

municipalities (Yaman & Ceylan, 2013).

Although there are some RCC pavement specifications, especially in the USA, much
work remains to improve these specifications and form new guidelines for use in other
countries. Few studies have systematically investigated optimum mixture design,
fracture properties, and fatigue performance, all very important, particularly in
pavement design. To address the inadequacy of relevant data in this field, a three-

phase experimental program was developed in this study.

1) The first phase was aimed at developing appropriate compaction methodology and

ensure balanced optimization of strength, density and compactability by simulating



the RCC field compaction process under laboratory conditions. For this purpose, a
series of experimental studies were carried out to regulate the proper compaction
methodology and secure a satisfactory degree of compaction in the field under
laboratory conditions. A compaction methodology using a double drum vibratory
hand roller (DDVHR) was also implemented to represent field compaction procedures

in the laboratory.

2) During the second phase, flexural and fracture properties of RCCs in different
strength classes were determined using beam specimens cut from the plates produced
using the DDVHR compaction methodology previously developed for simulating
field-compaction procedures. In addition, cores taken from these plates were studied
to obtain compressive strength of RCC mixtures 2, 7, and 28 days after fabrication,
and the percentage of strength gain with age was determined.

3) Results of the final phase of the study, which determine the long-term fatigue
performance of RCCs with different strength classes, were expressed in terms of S-N

curves.

Chapter 2 presents a three-section comprehensive literature review related to the scope
of the thesis. The first section covers RCC material selection, mixture design, and their
effects on RCC physical and mechanical performance. The second and third sections
describe fabrication of RCC specimens under laboratory conditions and physical and
mechanical performance of RCC under field conditions. Chapter 3 presents details of
the three-phase experimental program. Chapter 4 presents experimental results of each
of the three phases separately, with a detailed evaluation of results presented for each
phase. Finally, Chapter 5 describes and summarizes the main findings of the study and

provides some insights into possible areas of future study.






CHAPTER 2

LITERATURE REVIEW

The literature review is presented in three subsections. Since the first step of the study
was development of an appropriate compaction methodology and mixture design to
achieve RCC field performance under laboratory conditions, citations on RCC
pavement construction are summarized in the first part of the chapter. In the second
and third parts of the chapter, the focus is on RCC fracture properties and fatigue
behavior to provide a background for determining fracture properties and fatigue
behavior of different RCC mixtures produced with the proposed compaction
methodology.

2.1. RCC Pavement Construction

Studies based on RCC pavements are found mostly to focus on three main topics: 1-
material selection and mixture design, 2- fabrication of RCC specimens under
laboratory conditions, and 3- physical and mechanical performance testing of RCC

pavements.
2.1.1. RCC Material Selection and Mixture Design

In the first phase of a study conducted by Hazaree, Ceylan, & Wang, (2011), the
effects of different cement amounts on the physical and mechanical properties of RCC
were investigated. In their study, the amount of cement varied between 100 and 450
kg/m? (increasing by 50 kg/m?) and a single aggregate grading was used (Dmax 19
mm). All mixtures were prepared with a constant Vebe time of 40 + 10 sec. As a result,
the authors indicated that RCCs tend to behave slightly different from conventional
concrete, and the optimum amount of cement, considering density, compressive
strength, permeable void percentage, and water absorption capacities, was found to lie
between 225 + 25 kg /m?.



A study conducted by Chhorn & Lee, (2016a) explored, consistency alteration under
different amounts of aggregate gradation, water content, and chemical additives. They
chose Vebe time as a representative measure of consistency and used three different
aggregate gradations and water-contents varying between 3.5-7.4%, while keeping
cement dosage constant (280 kg/m®). However, half of their measurements were
excluded because their vebe times were greater than 120 seconds. They had two
observations after their experiments were completed. First, Vebe consistency times
were greater for mixes with higher finer aggregate content. Second, Vebe consistency
times were lower for mixes with higher water content. At the end of the study, the
researchers suggested a Vebe consistency time for RCC mixtures between 30 and 75

seconds.

The same authors, Chhorn & Lee, (2016b), investigated, in another publication, the
effect of aggregate gradation, cement dosage, water content, curing conditions, and
chemical additives on RCC characteristics. In RCC mixes, three different aggregate
gradations (with the term Fine Agg./Total Agg. ratio shortened to F/A), F/A=30%
(under PCA lower limit), F/A=70% (over PCA upper limit) and F/A=50%, for three
cement dosages (220-250-280 kg/mq). The study concluded that while the highest
compressive strength value was associated with the mix with F/A=50%, when cement
dosage was considered there were no significant differences among test results. The
study, however, did recommend using 280 kg/m? to minimize the negative effect of
minor changes in water content on compressive strength. It also indicated that 98%
compaction degree with respect to modified proctor compaction, could be reached to

attain higher compressive strength values.

A study by Aghaeipour & Madhkhan, (2017) investigated the effect of various
amounts of granulated blast furnace slag (GBFS), used as binder material in RCC
mixtures, on RCC durability (water absorption, percentage of voids, ultimate strength
under freeze & thaw, etc.). The study considered two different binder contents (12-
15%), three different granulated blast-furnace slag contents (20-40-60% of total
cement weight), and five different water contents (4.0-4.75-5.5-6.25-7.0%). The



constant aggregate ratios in the 40 RCC mixes were 7:2:1 for 0-5 mm fine aggregate,
5-12 mm coarse aggregate and 12-19 mm aggregate, respectively. The researchers
observed that the optimum water content corresponding to maximum dry density was
proportional to the amount of granulated blast furnace slag in the mix, with the optimal
portion found to be 40% of binder material weight.

2.1.2. Compaction Methods of RCC Specimens in the Laboratory

The compaction process, in which the amount of air voids in the mixtures decrease
and thus the density increases, represents an important stage in RCC applications.
Compaction reduces voids by forcing the aggregate particles to rearrange, allowing
smaller particles to fill spaces between larger particles, with water in excess of that
capable of being absorbed into aggregate particles filling the smallest void spaces. The
water in the mixture also has a lubricating effect, helping small particles to fill the
voids. On the other hand, if there is insufficient fine material or water in the mixture,
or if the compression energy is inadequate, it can be quite difficult to achieve the
desired density, as the compaction energy in RCC applications is essential to have
sufficient compaction energy (i.e. compaction method) as well as an adequate amount
of fine materials and optimum water content in the mixture. The strength and density
(i.e. compaction ratio) relationship for RCC mixtures is shown in Figure 2.1, where it
can be seen that, especially until the density rises to 96% of the theoretical air free

density, mixture strength is quite sensitive to the amount of compaction.
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Figure 2.1. Compressive strength vs density relationship for various RCC mixtures (Schrader, 1992)

Although the amount of compaction (i.e., the desired density) can be quite significant
for achieving sufficient strength in RCC applications, academic studies on RCC
sample production and compaction methods are very limited as compared to those on
RCC material selection and mix design. Since it is well-known that it is almost
impossible to produce RCC samples using steel drum rollers under laboratory
conditions, various methods have been explored for compacting samples for use in
academic studies to obtain realistic strength values and compaction degrees similar to
those in the field. However, these methods have been highly variable among particular
researchers, so they have not been standardized and their test results might not reflect
field conditions. The study conducted by Schrader, (2003) should be emphasized,
because it describes the effects of different compaction techniques in terms of
optimum water content, compressive strength, and unit weights of RCC mixes. This
study, a quality control staff member of a RCC dam construction project, was able to
apply several compaction techniques the samples taken from the dam construction,
and he then described a relationship between compaction technique and characteristic
features of RCC such as strength and optimum water content values, as presented in

Figure 2.2.



Figure 2.2, reveals that the compaction method has a significant effect on maximum
achievable strength and moisture content values. Furthermore, when the compaction
energy is reduced, optimum moisture content increases while the corresponding
strength decreases. A 10-ton vibratory roller, provided the highest available
compaction energy, produced higher strength values with lower moisture content.
Moreover, the author showed a relationship between the compaction technique and
the consistency of RCC for evaluating which technique is more suitable for
consistency ranges independent of binder content (Figure 2.2b). Variation in
mechanical properties of RCC specimens compacted with different methods under
laboratory conditions was also examined. Literature on studies of RCC compaction
procedures is rather limited and, and a standard compaction method has not been
accepted by researchers. It should also be kept in mind that the concrete mixtures
discussed in this study were used for dam construction, hence the binding amount was

quite low compared to those for road applications.

Vibrating table (ASTM C1176, 2013) and vibrating hammer (ASTM C1435, 2014)
methods are existing compaction methods standardized by the American Society for
Testing and Materials (ASTM), and two new compaction methods, the modified
proctor (ASTM WK59339, 2017) and the Superpave gyratory compactor (SGC)
(ASTM WK33682), have been added to the literature and are about to be standardized.
Impact hammer and pneumatic hammer usage has also been described in some studies
(ACI Committee 207, 1995; Choi & Groom, 2001). Some researchers have also tried
compaction tools specifically designed to simulate field-compaction conditions
(Filho, Paulon, Monteiro, Andrade, & Dal Molin, 2008; Neocleous, Angelakopoulos,
Pilakoutas, & Guadagnini, 2011).
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When compared to other compaction equipment, the SGC method is a rather new
development mainly used to prepare hot-mix asphalt (HMA) specimens; SGC uses a
combination of vertical consolidation pressure and gyratory kneading effort, making
it capable of simulating field compaction procedures in the laboratory (Collins,
Watson, Johnson, & Wu, 1997; Masad, Muhunthan, Shashidhar, & Harman, 1999;
Peterson, Mahboub, Anderson, Masad, & Tashman, 2003; Wang, et al., 2018). SGCs
also have various advantages such as: (i) the amount of energy to be applied can be
controlled by setting the number of gyrations, (ii) the samples could be compacted to
the desired density using a height-based setting, and (iii) the compaction process could
be monitored through height versus gyration curves or shear versus gyration curves,
etc. (Pasetto & Baldo, 2014).

SGCs were used for the first time for compaction of base and subbase materials in the
early 2000s, and the results reflected better simulation of field conditions than the
traditional proctor method (Browne, 2006; Cerni & Camilli, 2011; Mokwa, Cuelho,
& Browne, 2008). Although the SGC method has most commonly been used to
compact HMA mixtures, the study conducted by Amer, Delatte, & Storey, (2003) and
Amer, Storey, & Delatte, (2004) stated that this method is also applicable to
manufacturing RCC specimens, although the compaction degree and the consistency
and density of RCC specimens were strictly dependent on the number of gyrations
(Figure 2.3).

Williams, (2013) compared the effects of the proctor method and the Superpave
gyratory compactor method for determining optimum water content, with the effect of
aggregate gradation on RCC mixes studied during the second stage of the study. The
17 different aggregate gradations and types of aggregates used in this study were
sandstone, syenite, limestone and dolomite, with each mix compacted with two of the
methods mentioned above, after which the optimum water content and maximum
density values were determined. As expected, for the data associated with the mixes
compacted with proctor method, a parabolic curve reflected the density/water content

relationship, with the peak of the curve corresponding to the optimum water content.
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Conversely, the data for the latter method did not reflect such a parabolic curve, and
the relationship was linearly proportional to water content. Water leakage was
observed during compaction of some mixes with higher water content, and the point
at which the first leakage occurred was accepted as the optimum water content (Amer,
et al., 2003).
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Figure 2.3. Unit weight vs. the number of gyrations curve for Superpave gyratory compactor (Amer
et al., 2003)

2.1.3. Performance of RCC Pavements

Research studies performed under field conditions can be considered as the most
critical step of this literature review for reasons such as cost and possible difficult field

conditions that have resulted in a significant lack of studies performed in the field.

Lee, Cho, & Park, (2014) studied mechanical performance of RCC pavements both in
the laboratory and in the field. That study consisted of three stages, with the first stage
determining the performance of RCC specimens prepared from six laboratory
mixtures with three different binder contents (160-200-250 kg/m?®), 4-6% water

content, and constant aggregate gradation, with 20% of the binder replaced with fly
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ash. The RCC mixtures were compacted in the laboratory using a vibrating table
(ASTM C1176, 2013), and 15x30 cm cylindrical specimens were manufactured, after
which strengths after 3,7 and 28 days of RCC fabrication were measured. The second
phase involved representing field compaction conditions in a laboratory with a small-
scale vibratory roller. A 50x70x20 cm section was poured with RCC and cores then
taken. This procedure was followed for eight mixtures reflecting 180-300 kg/m®
binder content and 4.5-5% water content. In the final phase, four mixtures were
selected in accordance with the test results of previous phases. Laboratory test results
at the end of the study suggested that the required binder content should be greater
than 250 kg/m? to provide sufficient strength (a minimum of 28 day strength of 21
MPa was required for bicycle roads) and water content should be greater than 5% to
provide sufficient workability. In addition, a 93% compaction degree (core dry unit
weight divided by maximum theoretical dry unit weight) was determined when the
required strength was reached. With respect to field test evaluations, sufficient results
could be obtained for RCC pavements with thickness of 10 cm or less if binder content
was lower (250 kg/m? or less). When the compaction applications were compared, the
vibrating table and the steel drum vibratory roller yielded similar compressive strength
values while the small-scale vibratory roller (vibratory hand roller) used in the
laboratory yielded 10% higher strength than either of those methods. With respect to
surface roughness, they were not able to produce expected results and there were

defects on pavement surfaces due to the compaction methodologies used.

Another research study performed by Chhorn, Hong, & Lee, (2017) under field
conditions was related to increasing performance of RCC pavements. Similar to the
previous study, they used five pavement trial sections of 5 m width, 0.2 m thickness,
and 580 m length. The RCC mixtures used 280 kg/m? binder content, 4.5% water
content, 0.1% air entraining admixture, two maximum aggregate sizes (13 & 19 mm),
and 0-0.05% super-plasticizing admixture, so all mixtures had Vebe times varying
between 30-75 seconds. Fine and coarse aggregate percentages also remained constant
(50-50%). For all mixtures, Vebe consistency times were determined and fresh
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concrete were taken to be compacted using a vibrating hammer (ASTM C1435, 2014),
and after the field compaction process was completed, core samples were taken to
obtain physical and mechanical properties. In addition to standard tests, RCC surface
properties were examined in terms of the International Roughness Index (IRI) and skid
resistance number (SN). Since the researchers sought to establish relationships
between Vebe time and mechanical/physical properties, Vebe time was treated as a
control parameter. They also sought to find an optimum range for Vebe time to be
used in RCC pavement construction. The final result reflected an optimum Vebe time
range of between 47 and 65 seconds for criteria of compressive strength, compaction
degree, IRI, and SN.

A study conducted by LaHucik & Roesler, (2017) compared the results obtained from
field and laboratory conditions using same material contents and mixture designs in
terms of density and mechanical properties of RCC samples. Core samples in that
study were taken from four different RCC road projects in Illinois (USA). For
laboratory experiments, a vibrating hammer, commonly preferred for RCC
compaction, and the SGC method were used, possibly better replicating field
compaction conditions. The results coming the vibrating hammer method reflected an
optimum moisture content between 5.8% and 6.5%, leading to a fresh density between
2452 and 2508 kg/m?. Vebe times under a 22.7 kg surcharge load changed by 10 to
20 seconds. To observe mechanical properties of the samples, compressive strength
tests (ASTM C39 / C39M-18, 2018), splitting tensile strength test (ASTM C496 /
C496M-17, 2017) and disc-shaped compact tension tests (ASTM D7313-13, 2013)
were applied. At the end of the study, a t-test with 95% confidence revealed that the
compressive strength pairs of laboratory and field core specimens (of the same size)
differed statistically, possibly because of lower density and higher density variation in
the field. Specifically, the cores taken from sites had approximately 4% lower density
values than laboratory samples, resulting in a 45% reduction in compressive strength.

It was also stated that since field results were highly different from the laboratory

14



results, the vibrating hammer method might apply an excessive compaction energy

that could not be accomplished in field compaction.
2.1.4, Literature Review Discussion - Part |

Literature studies related to RCC pavement applications generally consist of three
components: i) material selection and mixture design, ii) sample production and
compaction methodologies under laboratory conditions, and iii) physical and
mechanical properties of RCC pavements. The material contents used in the primary
studies on RCC, their amounts, and effects of physical and mechanical performance,
are summarized in Table 2.1. The mixture design and compaction methods used in the
primary studies on RCC are also summarized in Table 2.2. The principal literature
based findings in this section are as follows:

e For RCC mix designs, a soil compaction technique that takes maximum
density as a reference, was preferred in a number of studies. Some researchers
also gave priority while designing the mixtures to RCC workability, correlated
with consistency of Vebe times.

e The amount of binder in the mixtures was most often chosen to lie between
250-350 kg/m?® and the optimum water ratio was generally in the range of 5-
6%. The fresh unit weight of RCC also varied between 2450-2550 kg/m?®.

e Aggregates, accounting for 80-85% of RCC mixtures, have been frequently
discussed in the literature studies because they significantly affect RCC
workability, compactability, strength, thermal properties, and durability. The
maximum aggregate size described in the literature was generally selected to
lie between 12-19 mm and the percentage of fine aggregate content to total
aggregate content changed between 50-70%. While the consistency of the
RCC mixtures was not reported in many studies, the studies that did report it
observed that VVebe consistency time was generally changed by between 30-50
seconds to achieve a workable RCC mix. Furthermore, RCC mixtures prepared
in the field had higher Vebe times than those prepared in the laboratory,

15



indicating that a mixture specially prepared in the laboratory with a VVebe time
of less than 20 seconds might not be stiff enough to carry the heavy compaction

equipment used in the field.

Since RCCs are compacted with 10-12 ton vibratory rollers in the field while
they are fresh, the most critical problem for RCC studies is the lack of accepted
knowledge about compaction methodology that fully reflects field compaction
procedures in the laboratory. It could be observed that RCC samples were
prepared by researchers using different compaction methods and procedures
under laboratory conditions. It could be observed that RCC specimens were
mostly prepared in the laboratory using either a vibrating hammer (ASTM
C1435, 2014) or vibrating table (ASTM C1176, 2013), and also seemed that
required procedures were not strictly followed in many of the studies. For
example, to obtain higher unit weight, the vibrating table method was
sometimes applied for a longer time than specified in the standard or the
vibrating hammer was held on the specimen for a longer time than written in
the standard. Modified proctor, impact hammer, and pneumatic hammer
methods were also preferred in some studies. Moreover, use of the SGC
method commonly used to compact HMA specimens has increased for RCC
compaction in litreature studies, because this method reflects field compaction
conditions well in the laboratory and provides higher degrees of compaction.
Finally, some researchers used special compaction equipment to prepare RCC

specimens.

The literature indicates that cylindrical specimens were mainly used for RCC
strength tests, the most important reason for this choice being that the
production and compaction processes of beam and cubic samples is quite
difficult compared to those used for cylinder samples, and there is as yet no
specification on the production of RCC beam samples under laboratory
conditions. In the studies, compressive strengths after 28 days for low cement

dosages (300 kg/m? and below) were generally between 30-50 MPa.

16



e A limited number of literature studies comparing field conditions and
laboratory conditions revealed that laboratory results generally gave higher
density and strength values than those from the field. Compaction
methodology is considered to be an essential factor in obtaining different
densities in field and laboratory conditions, especially when it is thought that
a 1-2% change in RCC sample densities can lead to a 10-15% change in
strength (Amer, et al., 2004). The vibrating hammer method commonly used
to compact RCC specimens in laboratory conditions may be imparting too
much compaction energy to properly simulate field compaction. Also, because
the RCC mixtures produced under laboratory conditions have considerably
low vebe time, the fact that the RCC specimens may begin to act as
conventional concrete can also be a crucial factor. One of the critical problems
in RCC field applications is that the density variation depends on the core zone,
and it also decreases with depth regardless of the core area. These changes in
density reflect the significance of the compaction procedure in field
applications, in particular the use of higher density rather than conventional
pavers , the use of thicker and stiffer foundation layers beneath the RCC, and
the reduction of RCC lift thicknesses, all considered to significantly reduce

such variations.

In brief, while there is still a lack of detailed specification(s) to enable researchers
reach field compaction conditions in the laboratory, there is an increasing number of
studies about RCC pavement. The important points generating discussions can be
summarized as: manipulation of existing standards for the sake of higher degree of
compaction, possible contradictions between field and laboratory test results, and the
uncertainty with respect to how academic studies reflect actual field applications. In
light of the limited number of studies, it can be asserted that the compaction procedure
used in an RCC applications is the dominant factor explaining why RCC laboratory

and field results.
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Table 2.1. Some mixture design and performance values in RCC pavement studies (Sengun, Aykutlu,

& Yaman, 2017)
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Table 2.2. Some mixture design methods and compaction methodologies used in RCC pavement
studies (Sengun et al., 2017)

References RCC mixture design method

Optimum water amount
determination

Specimen Compaction
methods

LR2015
CL2016a

CL2016b

HCw2011

AM2017
YUAT2015
LDRA2017

GMR2017
MAT2012

ADS2003

ASD2004

NAPG2011
CHL2017

LCP2013

Soil Compaction Method
Soil Compaction Method

Concrete Consistency
Method
Concrete Consistency
Method

Soil Compaction Method
Soil Compaction Method
Soil Compaction Method

Concrete Consistency
Method
Soil Compaction Method

Theoretical Maximum
Density Method

Theoretical Maximum
Density Method

Soil Compaction Method

Soil Compaction Method

Concrete Consistency
Method

Modified Proctor
Vibrating Hammer

Vebe Apparatus

Vebe Apparatus

Vibrating Hammer
Vibrating Hammer
Vibrating Hammer

Vebe Apparatus
Vibrating Hammer

Superpave Gyratory
Compactor

Superpave Gyratory
Compactor

Special Equipment
Vebe Apparatus

Vibrating Table

Vibrating Hammer
Vibrating Hammer

Vibrating Hammer

Vibrating Hammer

Modified Proctor
Vibrating Hammer
Vibrating Hammer

Vibrating Table

Vibrating Hammer
Superpave Gyratory
Compactor
(60-75-80-90-100)
Superpave Gyratory
Compactor
(50-65-90)

Special Equipment
Vibratory Hand Roller and
Vibrating Hammer
Vibratory Steel Drum Roller
Vibratory Rubber Tire Roller
Vibratory Hand Roller

Note: Reference abbreviations; the first letters of the surnames of authors and the year of

publication.

2.2. Fracture Properties of RCC Pavements

The number of studies described in the literature focusing on fracture properties of

RCC is limited. While it is clear that studies on determination of fracture parameters

are mostly related to metal materials, for conventional concrete, with studies on the

use of fibers affecting toughness and fracture parameters most prominent, this field is

relatively new with respect to RCCs. Moreover, even the field of conventional

concrete has become very difficult for researchers because, unlike steel, concrete is
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heterogeneous, making the application of standard procedures for homogeneous

materials not useful in concrete, and making result interpretation difficult.
2.2.1. The Application of Fracture Mechanics to Conventional Concrete

Fracture mechanics is the field of mechanics concerned with analyzing the failure of
cracked and flawed materials and examining the conditions under which cracks
propagate (Anderson, 2017). Cracking is an essential feature of the behavior of
concrete applications, with concrete structures normally full of cracks under service
loads (Bazant, 2014). Although the first developments of fracture mechanics began
with Inglis, (1913) at the beginning of the 20th century, Griffith, (1921) presented a
first explanation of the mechanism of brittle fracture using a new energy-based failure
criterion. The Liner Elastic Fracture Mechanics (LEFM) concept was later developed
by Irwin, (1957) using Westergaard, (1939) equations. Researchers stated that fracture
toughness (Kic), a material parameter used only to describe brittle materials, could be

sufficient for defining crack propagation and fracture failure.

In the 1960s, there were some developments related to fracture mechanics of concrete.
Kaplan, (1961) adapted application of the LEFM concept to concrete, and while many
researchers continued to work on applying LEFM on concrete (Carpinteri, 1982; Cook
& Crookham, 1978; Glucklich, 1963; Clyde E Kesler, Naus, & Lott, 1972; Mindess
& Nadeau, 1976; Shah & McGarry, 1971; Strange & Bryant, 1979), it seems that
classic LEFM should not be applied to normal concrete members because concrete is
a heterogeneous material with a fracture process zone (FPZ) in advance of the crack
tip, as shown Figure 2.4a.

As shown in Figure 2.4b, many micro failure mechanisms, such as preventing crack
propagation of the aggregates at the crack tip, changing the direction of the crack or
branching of crack by coinciding with the aggregates, or reducing crack tip sharpness
of the cavities, occur inside the FPZ (Akkaya, Bayramov, & Tasdemir, 2003).

Therefore, not only do all these effects contribute to energy dissipation in advance of
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the crack tip, but they also interact with one another, increasing problem complexity

(Jimenez Pique, 2002)

“y
Quasi-brittle
P >
CMOD Microcracks Aggregate 5 yi
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Fracture process zone (FPZ)
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crack tip ? f f
_________________ — >‘4‘M ——
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process zone crack |:> or kinking
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elastic (LE) crack tip Crack Bridging Branching
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Figure 2.4. a) Concept of FPZ (Kim & Buttlar, 2009), b) Mechanisms of crack propagation for
concrete (Akkaya et al., 2003; Jimenez Pique, 2002)

Because of these such mechanisms, since fracture toughness (Kic) is insufficient for
determining fracture properties of semi-brittle materials such as concrete, many

different nonlinear fracture models have been developed (Kumar & Barai, 2011). They

include:
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e Fictitious Crack Model (FCM) (Arne Hillerborg, Modéer, & Petersson, 1976),
e Cohesive Crack Model (CCM) (Barenblatt, 1962; Dugdale, 1960),

e Crack Band Model (CBM) (Bazant & Oh, 1983),

e Two-Parameter Fracture Model (TPFM) (Jenq & Shah, 1985),

e Size Effect Model (SEM) (Bazant, 1984; Bazant & Sun, 1987),

e Effective Crack Model (Nallathambi & Karihaloo, 1986),

e Double-K Fracture Model (Xu & Reinhardt, 1999)

e Double-G Fracture Model (Xu & Zhang, 2008).

The complexity of experimentally determining the fracture parameters of these models
has restricted the number of studies found in the literature on fracture mechanics of
concrete. A three-point bending test has been applied to a notched beam to determine
fracture parameters for three commonly used models (FCM, SEM, TPFM)
standardized by RILEM (TC 50-FMC, 1985; TC 89-FMT, 1990). Among these three
models, TPFM is particularly advantageous since it does not require the use of
different-sized specimens. While two values of K¢ (stress intensity factor or fracture
toughness) and CTOD. (critical crack-tip opening displacement) obtained from this
model has been shown to be mostly independent of specimen geometries (Jenq &
Shah, 1985), some studies have asserted that the effect of geometry with respect to
these parameters is not negligible (Planas & Elices, 1989; Shi, Mirsayar,
Mukhopadhyay, & Zollinger, 2018).

Recent studies on fracture properties of concrete, mostly concentrate on the effect of
mixture composition on fracture parameters and fracture energy. Akkaya et al., (2003)
investigated how compressive strength, water-to-cement ratio and aggregate
concentration can change fracture energy of conventional concrete. The final results
of this study revealed that the compressive strength, water-to-binding ratio, maximum
aggregate size, concrete age and notch length were the parameters affecting concrete
fracture energy. That study observed that the fracture energy of concrete increased
with enhance aggregate concentration and maximum aggregate size, while an increase

in water-to-cement ratio resulted in decrease in fracture energy.
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Because water-to binding ratio and concrete age are directly related to compressive
strength the guidelines of the International Federation for Structural Concrete (CEB
Bulletin N0.189, 1988), compressive strength and maximum aggregate size are taken
into consideration in fracture energy prediction. However, Yan, Wu, Zhang, & Yao,
(2001) stated that fracture energy would not permanently increase with compressive
strength, arguing that the bond strength between matrix and aggregate in high-strength

concrete could lead to a smooth fracture surface that absorbs less energy.

A study conducted by C. Tasdemir, M.A. Tasdemir, Grimm, & Konig, (1995) found
that the fracture energy in high strength reinforced concrete was affected by the FPZ.
In addition, although there was a significant increase in compressive and splitting
tensile strengths in concrete containing silica fume compared to concrete without silica
fume, it was observed that fracture energy decreased with increasing compressive

strength in high-strength concrete.

Finally, in a current literature review by Khalilpour, BaniAsad, & Dehestani, (2019)
related to the fracture energy of concrete and affected parameters, it was stated that all
parameters that change the mechanical properties of concrete, such as aggregate size,
type, amount, binder ratio, water-to-binder ratio, type of fiber added, type, length,
quantity, ambient temperature, etc., can also affect the fracture energy of concrete. A
separate examination of these effects indicated that an increase in water-to-binding
ratio resulted in a decrease in fracture energy and this was largely related to an increase
in porosity at the interface between the cement matrix and the aggregate. It was also
seen that an increase in the amount of cement paste might cause a decrease in the
fracture energy. In that study, it was also stated that an increase in the maximum
aggregate size in concrete both increased the energy required to break the aggregate
and enhanced the fracture energy of the concrete because a crack results in a longer
path due to crack propagation around the aggregate. The effect of the sample size
tested was considered in two ways. The first was the growth in fracture energy due to

the longer crack path from increasing the sample size. However, the second was to
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decrease fracture energy by increasing notch length resulting from a smaller fracture

process zone.
2.2.2. Fracture Properties of RCCs

As it is mentioned at the beginning of the literature review, studies about fracture
properties on RCC are quite limited in the literature; the few relevant studies are

briefly summarized below.

In a part of a comprehensive study by LaHucik, Dahal, Roesler, & Amirkhanian,
(2017) on the determination of mechanical properties of fiber RCCs, fracture
properties of RCCs were investigated. The aggregate gradation with 19 mm maximum
aggregate size and 280 kg/m?® cement dosage, was kept constant during the study. A
total of twelve different RCC mixtures, one a control mix, were formed using four
synthetic fiber types and two steel fiber types with different geometries and volumes.
A two-parameter fracture model (TPFM) developed by Jenq & Shah, (1985) was used
to determine the RCC fracture properties, but a procedure other than the three-point
bending test on notched beam samples proposed by RILEM TC 89-FMT, (1990) was
applied. Researchers prepared 15x30 cm cylindrical specimens to apply disk-shaped
compact tension (DCT) tests to determine the fracture properties of RCC. In that study,
fracture energy (Gr) was determined according to the RILEM TC 50-FMC, (1985)
standard procedure, the basis for the fictitious crack model developed by Hillerborg
et al., (1976). At the end of the study, fracture parameters of RCC mixtures and
conventional concrete (PCC) mixtures were compared, after which, the mixtures were
examined with respect to fracture properties such as critical intensity factor (Kic) and
fracture energy (Gr), with RCCs found to produce better results than PCCs. In general,
fracture properties of RCC were found to be similar or better than those of PCC. It
was also stated by the researchers that RCC fracture performance, especially fracture

energy (Gr), improved with increasing fiber content.

In a study conducted by LaHucik & Roesler, (2017), discussed in detail in the previous

section, the RCC mixtures with the same binder content and mixture design were
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produced both in the field and in the laboratory and their mechanical performances
compared. In the last part of the study, the fracture properties of RCC mixtures were
discussed, and, as in the previous study, the two-parameter fracture model (TPFM)
was used to determine fracture parameters, although they performed a disc-shaped
compact tension (DCT) test rather than of a three-point bending test. As a result,
similar to density and strength measurements, field results with respect to fracture
properties were lower than laboratory results. Since fracture properties are considered
to be good indicators of flexural capacity, it was asserted that the lower fracture
properties obtained under field conditions could lead to lower structural capacity of
RCC pavement than the predicted capacity based on laboratory experiments.

In another study by Ferrebee et al., (2014) related to fracture properties of RCC, the
effects of both normal and recycled aggregates on fracture parameters, were examined.
In that study, a constant cement amount (267 kg/m®) was used and optimum water
ratios were obtained, between 5.8% and 6.4% for normal and recycled aggregate
gradations, respectively, and the RILEM TC 89-FMT, (1990) procedure based on a
two-parameter fracture model (TPFM) was used to determine fracture properties.
Fracture energy was also determined according to RILEM TC 50-FMC, (1985). At
the end of the study, normal and recycled aggregate RCC mixtures exhibited
statistically similar results, and when the conventional concrete (PCC) fracture
properties obtained from in previous studies were compared for the same aggregate
ratios, it was found that RCCs gave better results than PCC in terms of fracture energy

(Ge) and critical stress intensity factor (Kic).
2.2.3. Literature Review Discussion- Part 11

Understanding how and under what conditions failure occurs in a cracked material
forms the basis of fracture mechanics. The first studies on fracture mechanics were
developed on brittle materials such as glass followed by consideration of ductile
materials. This concept, used primarily in defense industry designs after the Second

World War, came under consideration for in concrete designs after the 1960s. While
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many researchers have studied the applicability of a LEFM to concrete, it has been
found that LEFM is not applicable since concrete is a semi-brittle and heterogeneous
material. Somewhat later, several non-linear fracture mechanics developed for cement
binding materials have been applied to determination of the fracture properties of
concrete. However, despite the development of many experimental test methods and
numerical solutions, some inconsistencies regarding the parameters affecting the
fracture parameters of concrete remain in previous research findings. It is unclear to
what extent the effect of currently-used laboratory sample size on finding fracture
properties changes the results. There are also questions about the extent to which
concrete mix designs may affect concrete fracture properties. In any event,
examination of the limited number of literature studies investigating RCC fracture

behavior produced the following summarized findings:

e It is seen that the non-linear TPFM developed by Jenq & Shah, (1985) and
advanced by RILEM TC 89-FMT, (1990) as a standard procedure is preferred

for determination of fracture parameters.

e The RILEM TC 50-FMC, (1985) standard procedure that forms the basis of
the fictitious fracture model developed by Hillerborg et al. (1976) is preferred
for determining the fracture energy (Gg) of RCC samples.

e It has been reported that RCC mixtures exhibit similar or better fracture
behavior than conventional concrete mixtures, but since there are very few

studies on this subject, it is not possible to make firm generalizations.

e In those studies, since the RCCs were produced by using vibratory hammers
under laboratory conditions, it is not known to what extent the RCC samples

reflect field conditions.

e The effect of compaction ratio on fracture properties was not considered in the

studies found.
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Above all, many researchers have indicated that the fracture energy found by RILEM
TC 50-FMT, (1985) procedure is strongly affected by sample size. In addition,
according to this procedure the deflection at the midpoint of the beam should be
referenced in determining fracture energy, although some studies have begun referring
to the crack mouth opening displacement (CMOD) to obtain more accurate results.
However, in 2003, a standard for determining fracture energy of concrete was
developed by the Japan Concrete Institute (JCI-S-001-2003, 2003). According to this
standard, fracture energy can be determined using a CMOD-controlled test on
notched-beam samples of standard dimensions, even though it has been observed in
prior studies that this standard has not been used to determine fracture energy of RCCs.
One aim of the present study is to determine fracture energies of RCC mixtures using
the more advanced JCI-S-001-2003, (2003) procedure rather than the traditional
RILEM TC 50-FMC, (1985) procedure.

2.3. Fatigue Behavior of RCC Pavements

Until recently there have been only a few research studies directly investigating the
fatigue behavior of RCC, possibly because fatigue tests are quite time-consuming,
complex, and expensive. Another possible explanation is that some researchers have
used traditional concrete fatigue behavior in pavement design believing that RCCs
have mechanical properties similar to those of traditional concrete. The majority of
fatigue studies on RCC have been carried out by highway administrations and concrete
pavement associations in the USA, and many have attempted to explain the fatigue
behavior of conventional concrete. Before proceeding to examine fatigue studies on
RCC, it will be useful to discuss conventional concrete fatigue behavior.

2.3.1. Background to Fatigue Failure

As known, structures or materials exposed to repetitive loads may be subject to
permanent damage or sudden failure, revealed by the development of cracks, and such
a brittle failure type is called fatigue failure, accounting for at least half of all

mechanical fractures, many unexpected. The effects of fatigue have been widely
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studied for aircraft, ships, bridges, road pavements, automotive structures, frames,
cranes, machine parts, turbines, reactors, channel and dam shutters, and components
forming offshore platforms. Another dangerous aspect of fatigue failure is brittle

fracture that can occur regardless of a material’s ductility.

Studies on fatigue behavior of the materials began with the industrial revolution, with
fatigue failure first introduced into the literature during the early years of the 19th
century because of a catastrophic failure in railway axles caused by repeated loads.
The first systematic study of fatigue effect was reported by the German scientist
Wohler, (1860). Bauschinger, (1886) showed that the stress-strain behavior obtained
under a static tensile or compression test might be quite different from the stress-strain
behavior obtained under repeated loads. In the period up to the 1950s, at which time
significant advancements were made in fracture mechanics, the studies were mostly
focused on using fracture mechanics to explain fatigue-related failures (Coffin, 1954;
Paris, Gomez, & Anderson, 1961). On the other hand, developments on understanding
fatigue behavior were advanced to a significantly different stage with the introduction
of closed-loop servo-hydraulic loading systems.

Figure 2.5 shows a typical sinusoidal cyclic fatigue load like those frequently used in
fatigue testing. In this typical graph, the mean stress is half the sum of the maximum
(omax) and minimum stresses (omin) , the amplitude stress (o) is the difference between
the maximum stress (omax) and the mean stress (om), and the stress range (Ao) is the
difference between maximum and minimum stress differences. In this graph, strain
(€), moment (M), torque (T), or stress intensity factor (Kic) can be considered rather
than stress, depending on fatigue design and test specimens.
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Figure 2.5. Typical sinusoidal constant amplitude fatigue load

Fatigue tests are performed by applying cyclic loads to materials subjected to axial
compression or tension, bending, torsion, or simultaneous multiple effects that are
representative of real-life loading conditions. On the other hand, for materials such as
concrete, where a direct tensile test may be difficult to apply, flexural fatigue tests are
often preferred, and fatigue behavior under three-point or four-point bending tests is
examined for notched or normal beam specimens. In some special cases where fatigue
behavior requires a direct tension fatigue test, fatigue tests can be carried out on

compact square or disc-shaped tension samples.

The most commonly-used tool for fatigue analysis and fatigue life estimation for
concrete is the stress life (S-N) curve, also known as a Wohler curve, obtained by
plotting the number of load repetitions/cycles to failure (N) corresponding to stress
ratios (S) on a logarithmic scale (Figure 2.6). In this approach, the stress ratio (S) is
expressed in terms of the ratio of the maximum stress applied to the ultimate strength
of the material obtained from static tests and fatigue tests that performed with stress
or load control. Basquin (1910) first described the empirical formulation between
cyclic loads or stresses applied to materials and the number of load repetitions to

failure.
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Low cycle fatigue (LCF)
low fatigue life, high loading
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1- 10° High cycle fatigue (HCF)
high fatigue life,low loading
—
103 - 107 Fatigue limit or endurance limit
Fatigue limit does not exit
Log-Log plot Number of cycles to failure (N)

Figure 2.6. Typical S-N curve (R.1., Stephens, Fatemi, R.R., Stephens, & Fuchs, 2000)

Another method uses a Strain-life (€-N) approach to life estimation for analysis of
strain-controlled fatigue tests, with plastic deformations contributing a significant part
of the fatigue process. In this method, since fatigue cracks generally arise from areas
of plastic strains in certain regions, fatigue life estimates are made taking into
consideration regions where such plastic strains are concentrated, so this method is
also called the local strain approach method. It is mostly used in fatigue analysis of
notched elements where local plastic strains are concentrated. Strain-controlled tests
better characterize the fatigue behavior of materials, particularly under low cycle
fatigue (LCF) and/or notched samples. Material fatigue may take a very long time,
especially in fatigue tests with more than 10° load repetition, due to the small size of
plastic strains, so high-frequency load/stress-controlled fatigue tests are usually
preferred. For this reason, fatigue tests using the strain life £-N approach are generally
known as low-cycle fatigue (LCF) tests. A €-N approach based on strain-controlled
tests are usually preferred over a conventional S-N approach in determining fatigue
properties of materials, compositions, or structures, especially in aircraft, automotive,
electronics, information, and manufacturing industries where high-precision

production in which plastic deformation vital to the design is needed.
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2.3.2. Fatigue Behavior of Conventional Concrete

Since it is known that the majority of mechanical fractures occur due to fatigue effects,
many studies can be found in the literature on the fatigue behavior of metallic
materials. Studies on fatigue of concrete, however, began earlier, with concrete fatigue
studies first performed by Ornum, (1903). In those studies, cement mortars and
concrete cubes were subjected to compression fatigue loads and fatigue strength due
to cyclic compression loads was investigated. The result was that cement mortar and
concrete displayed similar compressive fatigue strength, approximately 55% of their
ultimate static final strength. The fatigue strength of concrete was investigated for the
first time in these studies and it was determined that concrete could fail due to cycle

loads.

The first research on the flexural fatigue strength of concrete was made by Clemmer,
(1922) in the Illinois Department of Transportation to investigate pavement corner
breaking, with the result that flexural fatigue strength was found to be 53% of static
ultimate flexural strength. Extensive studies on fatigue behavior of traditional plain
concrete were carried out in the period up to 1975. These studies, that made significant
contributions to the literature, were conducted by researchers such as Crepps, (1923),
Hatt, (1925), Williams, (1943), Kesler, (1953), Murdock & Kesler, (1958), McCall,
(1958), Neal & Kesler, (1964), Glucklich, (1965) and Antrim, (1967). These studies
created scientific knowledge on the fatigue behavior of concrete and shed significant

light on the work to be carried out during the following years.

The stress-life (S-N) approach, most commonly used in concrete fatigue tests, is
particularly suitable for rigid materials such as concrete that do not exhibit large
deformations under stress. The S-N curve of concrete has also been used as a design
criterion in the design of concrete pavements. In 1974 a design S-N fatigue curve was
used by the Portland Cement Association (PCA) in the USA for the first time, using a
S-N fatigue curve created by combining fatigue curves obtained for conventional

concrete samples from previous studies (Ballinger, 1971; Kesler, 1970). Such use of

31



the S-N fatigue curve (1974) in the PCA method yielded some unrealistic results,
leading to a minor modification of the high-cycle fatigue section in 1984, and this
modified S-N curve (Packard, 1984) is currently used by PCA for testing concrete

pavements.

Transverse fatigue cracks are also considered as a performance criterion in
mechanistic empirical pavement design (MEPDG), that has recently found use in
developed countries, but most especially in the USA and Canada (Oztiirk, Tan,
Sengiin, & Yaman, 2018). To determine the appropriate design concrete thickness, the
design guide uses the number of allowable load repetitions based on a given stress
level in conjunction with a fatigue-cracking performance curve to predict the level of
slab cracking in the field. This is followed by a trial-and-error approach using various
input combinations with a trial thickness until the desired fatigue damage (<1.0) or

failure criterion (e.g., 20% slab cracking) is met (Bordelon, Roesler, & Hiller, 2009).
2.3.3. Factors Influencing Concrete Fatigue Behavior

There are many parameters that can affect the concrete fatigue behavior, and these
parameters generally depend on mixture properties, loading conditions, and

environmental factors.

All parameters influencing both fresh and hardened properties of concrete can also
affect the concrete fatigue behavior. These include the binder amount and properties,
aggregate properties, water-binder ratio, chemical and mineral additives, moisture
content, sample age, and curing conditions. Studies related to the effect of concrete
mixture parameters on concrete fatigue behavior are briefly summarized in the

following discussion.

In a study about the effect of concrete age on fatigue behavior, the researchers
investigated the fatigue strength of 28-day, 4-month, and 6-month concrete samples,
all with the same content. At the end of the study, the fatigue strengths of 28-day, 4-
month, and 6-month concrete specimens were found to be 40-60, 50-55 and 54-55%,

respectively. The researchers also stated that it was not clear that the fatigue life of the
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concrete increased with age, although they found a significant decrease in variation
with age. Also, since fatigue tests generally are continued for a considerable period of
time, researchers have recommended that the test should be performed on concrete
samples at long-term ages to minimize a concrete gain in strength during the test
(Yimprasert & McCullough, 1973).

In another study investigating the effects of different concrete strengths on concrete
fatigue behavior, S-N curves were formed by applying compressive fatigue tests on
concrete specimens with four different strengths, 26, 52, 84, and 103 MPa. At the end
of the study, it was found that fatigue life decreased with an increase in compressive
strength, and the unit deformation of high-strength concrete was smaller than that of
low-strength concrete, although the unit deformation rate was higher (J.-K. Kim &
Kim, 1996).

When studies in the literature have described the effects on fatigue behavior of mixture
parameters such as cement dosage, water content, aggregate type, and gradation, all
of which significantly affect the static flexural strength of concrete, two different
approaches can generally be observed. Some studies state that these parameters do not
affect the fatigue behavior of the concrete as much as the static flexural strength, while
others claim that they have as much an effect on fatigue behavior as static flexural
strength. The European Committee for Concrete (CEB) stated that the effect of these
parameters on fatigue strength was small and had less effect on fatigue strength than
its effect on static flexural strength (CEB Bultenin No0.189, 1988). Conversely, the
American Concrete Institute (ACI) stated that many variables affecting the static
strength, such as cement ratio, water-cement content, curing methods, test age, air
quantity and aggregate type, would have influenced fatigue strength to the same
degree (ACI 215R-92, 2002).

There have been a limited number of studies investigating the effects of mineral
additives on fatigue behavior of concrete. In one study in which the effect of fly ash

and ground granulated blast furnace slag on the fatigue behavior of concrete was
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investigated, it was found that use of fly ash and ground granulated blast furnace slag
had a positive effect on the fatigue behavior of the concrete (Guo, Carpinteri,
Spagnoli, & Sun, 2010), while in some studies it is argued that mineral additives may
shorten of fatigue life due to an increase in concrete compressive strength. There are
therefore many doubts and disagreements found in the literature about the effects of

mineral admixtures on the fatigue behavior of concrete.

Fatigue tests include different loading conditions. In view of the fact that load-
controlled fatigue tests on concrete are preferred, investigations of the effects of
maximum and minimum stresses, stress range, mean stress, the waveform types,
loading frequency and failure probability are mostly found in the literature. As
predicted, fatigue behavior is affected by stress range and the mean stress applied to
the specimen as well as the maximum and minimum stress during a fatigue test. The
fatigue life of a specimen is reduced under high maximum stress and high stress ratio,

and the most dangerous fatigue-life situation is the fully reversed condition in which

Omin=-Omax-
2.3.4. Fatigue Behavior of RCC

The number of studies in the literature on the determination of fatigue behavior of
RCC is very limited, and the main reasons for this is that fatigue tests are quite time-
consuming, complex and costly. Another reason for the few studies of RCC fatigue
behavior found in the literature is that some researchers have used traditional concrete
fatigue behavior in pavement designs because RCC is thought to have mechanical
properties similar to those of traditional concrete. Although the majority of RCC
fatigue studies have been carried out by highway administrations and concrete
pavement associations in the USA, and relatively few academic studies on RCC
fatigue behavior have been published, some of the significant studies on RCC fatigue

behavior are summarized below.
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2.3.4.1. Concrete Technology Laboratory (CTL)

One of the most significant studies on RCC fatigue behavior was performed by CTL
(Tayabji & Okamoto, 1987), and the RCC fatigue curve obtained from this study is
still used as a reference in fatigue design of RCC pavements. In this study, whose aim
was to determine the engineering properties of RCC, four different RCC mixes with
binder amounts ranging from 170 to 190 kg/m? were cast into test sections 4.0 m wide,
3.6 m long, and 20 cm thick, then compacted with a 10-ton vibratory roller under
actual field conditions. The mechanical properties of the RCCs were determined by
compressive, flexural, splitting tensile, elasticity and fatigue tests using the cores taken
from the field and the beams sawed from the field. In addition, cylindrical and beam
specimens were produced from the same mixtures in the laboratory for comparison
with field results. When the fatigue-test parts of this study were taken into
consideration, 15x15x75 cm? beam specimens sawed from the field were maintained
under curing conditions for about seven months, after which three-point flexural
fatigue testing was performed. The cycling load was applied at stress ratios (applied
maximum stress/ultimate static flexural strength) ranging from 0.50 to 0.95. The
loading frequency was selected as 10 Hz and the minimum load was chosen to be 10%
of the maximum load to eliminate an impact effect on the sample during the fatigue
test. Fatigue values and a S-N curve for RCC mixtures obtained from 23 beam samples
are shown in Figure 2.7. At the end of this study, researchers stated that RCC and
conventional concrete had similar mechanical properties and RCCs could be
considered the same as traditional concrete in pavement design. They also indicated
that fatigue design procedures used for concrete pavements could be used in RCC

pavement design by taking into account the RCC fatigue curve.
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Figure 2.7. S-N fatigue curve for RCC mixtures (Tayabji & Okamoto, 1987).

2.3.4.2. Canada Cement Association (SEM-2002013, 2003)

Another significant studies aimed at determining the mechanical properties of RCCs
was performed by the Canadian Cement Association in 2003 (SEM-2002013, 2003).
In this study, four different RCC mixtures were formed with different aggregate type
(granite and limestone), binder ratio (250 and 300 kg/m?) and maximum aggregate
size (20 mm and 14 mm), with a conventional concrete pavement mixture also
prepared for comparison. The water content of the mixtures varied between 4-4.5%.
In the fatigue test section of the study, four-point flexural fatigue tests were performed
on a total of 37 beams of 10x10x40cm? dimensions fabricated from five different
mixtures produced in the laboratory. The loading frequency was chosen as 15 Hz and
the stress ratio varied between 0.5 and 0.8. The fatigue test was terminated either when
a specimen failed or the number of repetitions had reached 1,000,000. A static bending
test was then performed and the residual strength determined on samples that had not
failed under 1 million repetitive loads. The specimen resilience after fatigue was also

determined as the proportion of residual strength and the final static flexural strength.
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At the end of the study, the fatigue strength of RCC mixtures was found to be 60% of
the ultimate static flexural strength after 1 million repetitive loads. For conventional
concrete, on the other hand pavement, this value is specified as about 50%. The results
of this study showed that RCCs had better fatigue resistance than conventional
concrete, making it understood that the use of a conventional concrete fatigue curve
in RCC pavement designs can be quite conservative. The design or software guidelines
obtained from the conventional concrete fatigue design curves or the Tayabji and
Okamoto (1987) RCC design fatigue recommendations for use in the design of RCC
pavement made prior to this time were to consider RCC fatigue strengths to lie
between 40-50% of the ultimate flexural strength, although in this study that value
was about 60% for RCC.

A simple example was also given to show the effect of the difference in fatigue
behavior between RCC and conventional concrete in pavement design. In this
example, thickness design was chosen roughly for three different fatigue strengths of
40%, 50%, and 60% of the ultimate flexural strength, with resulting slab thicknesses
of 185 mm, 160 mm and 145 mm, respectively. As expected for these values,
variations in fatigue strength resulted in a significant change in pavement thickness. It
should be kept in mind that while this example is quite simple and rough and no other
parameters such as load transfer coefficient, resilient modulus of
subgrade/subbase/base, curling, environmental conditions, etc. were taken into
account, it is clear that fatigue behavior is an effective parameter in RCC pavement

design.

It was also observed in that study that maximum aggregate size had an effect on fatigue
strength, with  RCC mixtures with a maximum aggregate size of 20 mm achieving
better fatigue strength than mixtures with a maximum aggregate size of 14 mm.

Nevertheless, this effect was not observed to result from static tensile strength.
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2.3.4.3. Concrete Technology Laboratory (CTL)-(Okamoto, 2008)

In another study by CTL in 2008, fatigue tests were performed on 37 specimens of
size 10x10x40cm? and 44 specimens of size 15x15x75cm?® from three different RCC
mixtures. In this study, the effect of different aggregate types (limestone, dolomite,
etc.) and different beam sample sizes on fatigue behavior were investigated. It was
stated that both different aggregate types and different beam sizes gave results-close

to a fatigue S-N curve.
2.3.4.4. American Concrete Pavement Association (ACPA) (Roden, 2013)

In 2013, an ACPA study by Roden (2013) was conducted to develop a fatigue model
for the design of RCC pavements. For the development of this new fatigue model,
reliability levels were considered by using existing RCC fatigue data from the
literature (Okamoto, 2008; SEM-202013, 2003; Tayabji & Okamoto, 1987). First, all
fatigue data in published studies belonging to different RCC mixtures and different
beam sizes (Tayabji & Okamoto, 1987; (SEM-202013, 2003; Okamoto, 2008) were
collected and multiplied by a size factor to allow conversion a 15cmx15cm beam size.
After the conversion, 141 RCC fatigue data were collected from the three studies and

the related figure is shown in Figure 2.8.

In the second phase of the study, the new ACPA-RCC fatigue model and the existing
fatigue models were compared and the effect of the pavement thickness was
interpreted. The two developed models were first compared to the previously-used
fatigue design curve of CTL (Tayabji & Okamoto, 1987). The fatigue models
developed for fatigue loads higher than the 40% stress ratio were less conservative,

but were still more conservative than the ratio below.

38



100%

90% i~ g *

el
80% * o *:‘ o ¢

T son | SREL063-0.038I(N) %0l se o

= R2=0.6659 CATh W

e : s 8 ¥ %

n o 60% R 3 - §* 38 o

o R ‘“"{k )

s 50% LA 8“-;

(1] L. X 3

o N 'Y

0 40% *

(1]

= 30%

w

20%
10%

0%
1.E+00 1.E+01 1E+02 1E+03 1.E+04 1E+05 1.E+06 1.E+07 1.E+08
Load Applications to Failure, N

Figure 2.8. A total of 141 RCC fatigue data obtained from the literature for the new fatigue model to
be developed by ACPA (Roden, 2013)

Since conventional concrete (PCC) and RCC have generally similar mechanical
properties, in some design software or design guides, conventional PCC fatigue
models rather than the RCC fatigue model are still used to calculate pavement
thickness. Therefore, in the study the fatigue model developed by ACPA for RCC
pavement was compared with the PCC fatigue model used for RCC pavement design
in some software programs. Since the result of the comparison was a report that these
two models exhibited quite different behaviors using conventional PCC fatigue
strength in RCC pavement design was not recommended. However, there are some
limitations and assumptions in RCC fatigue models developed by ACPA. Above all,
RCC fatigue data developed for these models were obtained from previous studies
using different mixture contents, different compression methodologies, and different
sample sizes. Also, in studies where fatigue data were obtained, there was no standard

for RCC specimen production under laboratory conditions.
2.3.4.5. Other studies on RCC fatigue behavior

Sun, et al., (1998) investigated the effects of fly ash on fatigue behavior of RCCs. For
this purpose, five different mixes were prepared and a constant aggregate gradation
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with maximum aggregate size of 20 mm was used. The binding amount of the four
mixtures formed from 0%, 15%, 30%, and 45% of fly ash varied between 300-345
kg/cm? and the final mixture was prepared as conventional portland cement concrete
(PCQC). In that study, the beam specimen sizes were selected as 10x10x40 cm?3. The
four-point flexural fatigue test was applied with a stress ratio ranging between 0.55
and 0.85 and the loading frequency was selected as 5-8 Hz. The fatigue test was
continued until failure occurred. The S-N curve was drawn for each mixture and
regression analysis was performed, and a fatigue equation that included the stress ratio
(S), the number of load repetitions to faliure (N) and the fly-ash ratio, was proposed.
An increase in the slopes of the S-N curves was observed with increased amount of
fly ash in the mixtures. In other words, under constant fatigue load there was a slight
increase in the degree of fatigue damage with an increase in fly ash content. On the
other hand, fatigue strength was enhanced slightly with an increase in the amount of
fly ash. It was also stated that all RCC mixtures yielded better fatigue strength than

normal PCC concrete.

The main purpose of the study by Graeff, Pilakoutas, Neocleous, & Peres, (2012) was
to investigate how steel fibers obtained from used tires could contribute to the fatigue
strength of concrete pavements. Two different mixtures were prepared to represent the
concrete road, the first a conventional concrete pavement mixture, and the second was
the RCC mixture. Recycled steel fibers were added to the concrete at 0%, 2%, and 6%
of the concrete weight. An RCC mixture was also prepared with industrial steel fiber
for comparison. The same aggregate gradation was used in both mixtures, although
while river gravel was selected for the PCC mixture, basalt gravel was preferred for
the RCC mixture. RCC and PCC mixtures had binders amount of 380 and 300 kg/m?
respectively, while 20% of the binders were formed of fly ash in both mixtures. In the
four-point flexural fatigue test, three beam (15x15x55 cm?®) specimens were placed on
top of one another and fatigue tests performed by applying with three different stress
ratios: 0.5, 0.7, and 0.9, at a 15 Hz loading frequency. The minimum fatigue load was
selected as 10% of the maximum fatigue load applied. At least three specimens were
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used for each stress ratio, and the fatigue test was continued either until failure
occurred or the number of load repetitions reached 2 million. At the end of the study,
it was reported that recycled fibers in conventional concrete improved fatigue
performance with the best performance achieved by a fiber mixture of 2% by weight.
On the other hand, the traditional RCC mixture yielded better results than RCC
mixtures with fibers under fatigue load values above the 0.7 stress ratio. According to
the researchers, this was because the repeated high fatigue loading could lead to better
compaction of RCC mixtures and better aggregate interlock, otherwise the addition of
fibers could result in pore formation in mixtures and also cause a slight decrease in
aggregate interlock. On the other hand, all fiber reinforcement RCC mixtures
exhibited better fatigue resistance under low fatigue loading, possibly due to better
crack control. In the last part of the study, the design of road pavement with
conventional concrete and RCC with recycled fiber was compared with a simple case
in which only the fatigue effect was considered. As a result of this comparison, it was
stated that the design thickness could decrease by up to 26% with an increase in fatigue
performance of RCC. In addition, the researchers stated that, for fatigue-related
performance of road pavements, while beam samples were used in the literature, the
roads normally behaved as plates. They emphasized that the fatigue performance of
the beams actually reflected field conditions at a lower level because the plates would
be about 30% stiffer than the beams.

The primary purpose of the study by Modarres & Hosseini, (2014) was to determine
the mechanical performance of 12 different RCC mix combinations using normal and
reclaimed asphalt pavement aggregate (RAP) with rice husk ash (RHA) ranging from
3% to 5% of cement amount in the RCC. A number of tests were performed to
determine the mechanical performance, and a fatigue test was performed. In the study,
a three-point bending flexural fatigue test was applied at a frequency of 1.0 Hz. Three
fatigue samples were tested for three different stress rates: 0.65, 0.75 and 0.85, and a
total of nine beam samples (5x5x30 cm?®) were used. However, it should be kept in

mind that the number of these samples is quite low for achieving fatigue behavior.
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When the S-N equations were examined, it could be seen that the increase of RHA
content in the mixtures caused an increase in the slopes of the S-N curves. Similarly,
the slopes of the S-N curves for RAP-containing mixtures were also significantly
increased compared to those from conventional RCC mixtures. A remarkable aspect
of that study was investigation of the relationship between fatigue behavior and the
energy absorption capacity of the samples, leading to the following equation relating

the S-N slope (SV) to the energy absorption capacity (Ea) of RCC.
E, = —120367 SV —287.6  R? = 0.668 (2.1)

As a result, researchers from that study stated that the fatigue life of RCC mixtures
containing RAP materials was lower than conventional RCC mixtures, but RCC
mixtures containing 3% RHA and the traditional RCC mixture gave close results.

2.3.5. Literature Review Discussion- Part 111

Permanent and progressive damage or instantaneous and brittle fracture can be
observed in the internal structures of materials, components, or structures exposed to
repeated loads, even if these loads are significantly less than their static strength. This
fatigue effect is mostly seen in designs in aircraft, automotive, and manufacturing
industries, and it also appears in the design of many bridges, coastal structures, or road
pavement related to civil engineering. The literature study of fatigue behavior of
metallic materials is quite voluminous because fatigue effects are responsible for many
of the failures in mechanical structures. On the other hand, since the fatigue effect is
often not addressed in traditional concrete designs, relatively fewer studies on this
topic are found in the literature. Another reason for this lack is that determination of
the fatigue behavior of the concrete is not as easy as determining static strengths; the

process is very complex, time-consuming, and costly.

With respect to the very limited number of fatigue studies related to RCC, it could be
seen that the studies were mostly focused on the development of fatigue design models
used in road pavement design in the USA. In fact, there are generally two different

threads in the guidelines or software tools for RCC pavement design. The first is the
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use of traditional concrete S-N fatigue models in fatigue design of RCC pavement,
acknowledging that RCC acts much like a conventional concrete pavement. The
second is distinguishing RCC from the traditional concrete and determining the
fatigue behavior of the RCC. Fatigue behavior studies on RCC have mostly been
performed by those with a second opinion aimed at developing new RCC fatigue
models that differ from those of conventional concrete, and RCC fatigue studies in the
literature generally have supported this second opinion. With respect to the limited
number of RCC fatigue behavior found in the literature, the following findings can be

summarized.

e It has been reported that RCC exhibited better fatigue performance than
conventional concrete, with fatigue strength of the RCC varing between
about 55% and 60% of the ultimate static strength.

e In all studies except Tayabji & Okamoto, (1987), RCC fatigue tests were
performed on the beam specimens produced in the laboratory, but it was
seen that no standard compaction procedure was applied in most of them.
However, the ratio of compaction in RCC specimens is known to affect

mechanical performance significantly.

e One of the most comprehensive studies on the fatigue behavior of RCC
was carried out by Tayabji & Okamoto, (1987). In four different RCC
mixtures, river gravel was used with a binder ratio ranging from 170 to 190
kg/m®. A total of 23 beam samples were cut from RCC pavements
compacted by 10-ton vibratory rollers in the field and subjected to fatigue
testing after seven months and the S-N curve obtained from the study
compared with conventional concrete S-N curves. From this study,
researchers stated that RCC and conventional concrete had similar
mechanical properties with respect to compressive, flexural strength, and
elastic modulus, and RCCs pavement design could be performed similarly

to that of traditional concrete.

43



e RCC beams were subjected to fatigue loads between 50% and 90% of the
ultimate static strength and fatigue testing was mostly completed using 2
million load repetitions, at loading frequencies generally selected to lie
between 10 and 15 Hz.
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CHAPTER 3

EXPERIMENTAL STUDY

In this thesis, the experimental program was conducted in three phases. In the first
phase, various laboratory compaction methodologies were applied to different RCC
mixtures and relationships between strength, density, and compactability were
examined, and a compaction methodology using a double drum vibratory hand roller
(DDVHR) was developed for simulating field compaction procedures in the
laboratory. In the second phase, the effects of RCC mixture parameters (binder
amount, aggregate gradation) on RCC mechanical properties and fracture parameters
were observed for different RCC mixtures produced by the DDVHR compaction
methodology developed in the previous phase. Finally, in the third phase, for the three
RCC mixes of different strength performance obtained in the previous phase, flexural
fatigue performance was determined in terms of S-N curves. In this chapter, the
materials and experimental methods used in this three-phase study is described.

3.1. Phase I: Effect of Laboratory Compaction Methodologies on the Properties
of RCC

Since different compaction methods have been used to produce RCC specimens
described in the literature, but there is still no fully efficient method that can be used
in laboratories to represent field compaction procedures (Mehta and Monteiro, 2006),
the aim of the first phase was to develop an appropriate compaction methodology and
ensure an optimization between strength, density and compactability in simulating the
RCCs field compaction process under laboratory conditions. For this purpose, RCC
mixtures were prepared with different cement dosages, aggregate sizes, and water
amounts, the three main factors affecting RCC properties (Table 3.1). A total of twenty

RCC mixtures were prepared and compacted by four different laboratory compaction
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methods: modified proctor, (ASTM D1557, 2012), vibrating hammer, (ASTM C1435,
2014), vibrating table (ASTM C1176, 2013), and Superpave gyratory compactor,
SGC, (ASTM C1800, 2016). 150 mm diameter cylindrical specimens were prepared
using these compaction methods for each mixture, and concrete fresh densities, 28-
day compressive and splitting tensile strengths, and porosity values were determined
from these specimens. A pilot RCC road section was then prepared in the laboratory
using DDVHR to represent field compaction conditions for the selected mixtures and
values were found for concrete densities, 28-day compressive and splitting tensile

strengths, porosity values, and shrinkage.

Table 3.1. RCC mixtures and compaction methods used in this phase

Mixture Proportions

M Cement Aggregate Water Compaction Methods
P Amount (kg/m®) Dmax (MM) Ratio by weight
1 200 12 Modified Proctor (ASTM D1557)
2 200 19 %3, %4, Vibrating Hammer (ASTM C1435)
3 400 12 %5, %6, Vibrating Table (ASTM C1176)
4 400 19 %7 Superpave Gyratory
Compactor (SGC)*

*SGC could not be used in some water ratios.

Material selection and mixture design, compaction methods, test procedures, and the
results related to the purpose of the thesis plan are presented below under separate
subheadings.

3.1.1. Material Selection and Mixture Design

In all RCC mixtures, CEM | 42.5 R type ordinary portland cement produced in
accordance with the TS EN 197-1 and crushed limestone aggregates were used. In the
second and third phases of the experimental study, fly ash and silica fume were also
used to produce high-performance RCC mixtures. The fly ash obtained from the
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Sugozi Thermal Power Plant is designated as Class F according to ASTM C618-19,
(2019), and the silica fume was obtained from Antalya Etibank Electrometallurgy
Incorporation. Chemical composition of the cementitious materials is given in Table
3.2. The specific gravities of the cement, fly ash, and silica fume used in the study
were determined as 3.11, 2.61 and 2.20, respectively, and the Blaine specific surface

area of cement and fly ash were determined as 3341 and 2900 cm?/g, respectively.

Table 3.2. Chemical composition of cementitious materials used in the study

Chemical CEMI1425R Class F Fly Ash Silica Fume

. Portland Cement (Sug6zl Thermal (Antalya Etibank
Composition Power Plant) Electrometallurgy Inc.)
CaO0 % 63.7 1.64 0.71
SiO2 % 18.5 56.22 91.00
Al0s % 4.6 25.34 0.58
Fe203 % 3.1 7.65 0.24
MgO % 1.62 1.80 0.33
SOz % 3.05 0.32 1.06
K20 % 0.91 1.88
Na>0 % 0.45 1.13
Loss of Ignition % 4.37 2.1 1.84

The physical properties of the aggregates as determined by the related ASTM
standards (ASTM C125-19, 2019; ASTM C127-15, 2015; ASTM C128-15, 2015) are
presented in Table 3.3.

The aggregate grain size distribution (ASTM C136M-14, 2014; ASTM C33M-18,
2018) for three different aggregate sizes (0-5 mm, 5-12 mm, 12-19 mm) used in the

study is given in Figure 3.1.
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Table 3.3. Basic physical properties of fine and coarse aggregates.

Fine Aggregate Coarse Aggregate Coarse Aggregate

Physical Properties FA (0-5 mm) CA (5-12 mm) CA (12-19 mm)
Maximum aggregate size (mm) 5mm 12 mm 19 mm
Specific gravity (SSD) 2.67 2.69 2.71
Specific gravity (OD) 2.64 2.68 2.70
Bulk density in compacted condition 1791 kg/m? 1540 kg/m?® 1488 kg/m?®
Bulk density in loose condition 1668 kg/m® 1466 kg/m® 1395 kg/m?®
Absorption % 1.24% 0.29 % 0.18 %
Fineness modulus 3.2 - -
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Figure 3.1. Fine and coarse aggregates gradation

The desired gradation of the aggregate combination was determined by considering
the recommended RCC gradation band from the American Concrete Pavement
Association (ACPA, 2014) and hot mix asphalt (HMA) gradation limits from the
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Turkish General Directorate of Highways (GDH) (KGM, 2013) (Table 3.4). The
reason for consideration of HMA gradation is that both RCC and HMA pavements
use similar compaction methods in the field. For the combined gradation, 0.45 power
curves are also provided on the plot. An illustration of the selected combined gradation
curves for the maximum aggregate size of 12 mm and the maximum aggregate size of
19 mm is given Figure 3.2. The optimal aggregate combinations were found to be 65%
(0-5 mm) - 35% (5-12 mm) - 0% (12-19 mm) for mixes with 12 mm maximum
aggregate size, and 50% (0-5 mm) - 40% (5-12 mm) - 10% (12-19 mm) for mixes with

19 mm maximum aggregate size.

Table 3.4. Lower and upper limits used to determine aggregate grading in RCC mix designs (ACPA,
2014; KGM, 2013)

Combined Aggregate Gradation Ranges for HMA (KGM, 2013)

Sieve Size Lower Limit Upper Limit Lower Limit Upper Limit
(mm) (Dmax 19 mm) (Dmax 19 mm) (Dmax 12 mm) (Dmax 12 mm)
19 100 100 100 100
12.5 88 100 100 100
9.5 72 90 80 100
4.75 45 52 55 72
2 25 35 36 53
0.425 10 20 16 28
0.18 7 14 8 16
0.075 3 8 4 8

Combined Aggregate Gradation Ranges for RCC (ACPA, 2014)

19 95 100 100 100
125 70 95 81 100
95 60 85 71 91
4.75 40 60 49 70
2.36 30 50 33 54
1.18 20 40 24 40
0.6 15 30 15 30
0.3 10 25 10 25
0.15 2 16 2 16

0.075 0 8 0 8
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A total of twenty RCC mixture designs were fabricated using two different aggregate
gradations (Dmax 12 and 19 mm), two different cement dosages (200 and 400 kg/m?),
and five different water ratios; 3-4-5-6-7%. The mixture designs were selected to be
consistent with the classical weight/volume calculations of concrete-mixture
proportioning described by CP Tech Center RCC guidelines (Harrington et al., 2010)
assuming an entrapped air volume of 2%. The proportions for each RCC mixture are

given in Table 3.5.

Table 3.5. RCC mixture proportions for a cubic meter

FA CA CA

No  MixID (IZ; ) (%“;;X) (})’/‘:) c\%lftt:rru ;Er?mS) Eﬁn})z (#2611)9 wic ((fjo , SA
D ke ko) (k9)
1 C200-D12-W3 200 12 3 74 1463 790 - 0.37 8.5 0.65
2 C200-D12-Ww4 200 12 4 96 1424 770 - 048 835 0.65
3 C200-D12-W5 200 12 5 117 1388 750 - 059 855 0.65
4 C200-D12-W6 200 12 6 137 1353 731 - 0.69 8.76 0.65
5 C200-D12-W7 200 12 7 156 1319 713 - 0.78 8.96 0.65
6 C200-D19-Ww3 200 19 3 74 1125 903 228 0.37 8.98 0.50
7 C200-D19-W4 200 19 4 96 1095 880 222 048 9.20 0.50
8 C200-D19-W5 200 19 5 117 1067 857 216 059 942 050
9 C200-D19-Ww6 200 19 6 137 1040 835 211 0.69 9.64 0.50
10 C200-D19-W7 200 19 7 156 1015 815 206 0.78 9.85 0.50
11 C400-D12-W3 400 12 3 74 1351 730 - 0.19 16.12 0.65
12 C400-D12-W4 400 12 4 97 1312 709 - 0.24 16.52 0.65
13 C400-D12-W5 400 12 5 118 1275 689 - 0.30 16.92 0.65
14 C400-D12-W6 400 12 6 139 1240 670 - 0.35 17.32 0.65
15 C400-D12-W7 400 12 7 158 1206 652 - 0.40 17.71 0.65
16 C400-D19-W3 400 19 3 74 1039 835 211 0.19 1759 0.50
17 C400-D19-W4 400 19 4 97 1009 810 205 0.24 18.03 0.50
18 C400-D19-W5 400 19 5 118 981 788 199 0.30 1844 0.50
19 C400-D19-W6 400 19 6 139 953 766 194 0.35 18.88 0.50
20 C400-D19-W7 400 19 7 158 928 745 188 0.40 19.30 0.50

Notes. Mix ID consists of the cement dosage (C), the maximum aggregate size (Dmax) and the water
content percentage (W). FA: fine aggregate, CA: coarse aggregate.
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The water ratio, w/c, C and S/A indicated in the table are defined as follows:

water ratio = Water amount/(binder and aggregates amount),
wic = Water amount/binder amount,

C = Binder amount/(binder and aggregates amount),
SIA = Fine aggregate amount/total aggregate amount.

As can be seen in Table 3.5, w/c ratios of 200 kg/m® binder dosage mixtures varied
from 0.37 to 0.78, and w/c ratios of 400 kg/m? binder dosage mixtures varied from
0.19 to 0.40. The amount of binding materials ranged from 8.2% to 19.3% by weight.

3.1.2. Test Procedures and Compaction Methods

The gradual RCC casting plan for producing the 20 different RCC mixtures used the
five different compaction methods designated in Table 3.1 and, at the same time, to
permit the concrete mixer to work more efficiently and distribute the mixture
homogeneously. The laboratory-based compaction methods used were: modified
proctor (ASTM D1557, 2012), vibrating hammer (ASTM C1435, 2014), vibrating
table (ASTM C1176, 2013), and SGC (ASTM C1800, 2016). For each RCC mixture,
six cylindrical specimens of $15x30 cm produced by the first three compaction
methods were used to determine density, 28-day compressive and splitting tensile
strength, and porosity, consistent with ASTM C642, (2013). For the SGC, three
cylindrical specimens of diameter 15 cm and height 15 cm were produced; these sizes
were subject to equipment height limits. Three different gyration numbers: 50, 60, and

75, were also used in the production of specimens by this method.

The concrete batches were prepared using a tilting drum mixer, having a capacity of
350 dm?. Since the RCC mixtures required longer mixing times, the following mixing
procedure was adopted. Firstly, aggregates and cement were added to the concrete
mixer and mixed for 2 minutes. Later, water was added and the concrete was mixed

continuously for an additional 5 minutes. For better homogenization of dry RCC
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mixture, the mixture was poured to the pre-moistened ground and mixed again with

the help of a shovel (Figure 3.3).

Figure 3.3. Mixing RCC mixture with rotary drum mixer and shovel on the ground

After preparing each concrete batch, a Vebe test (ASTM C1170, 2014) was performed
to determine the RCC mixture consistency. ASTM C1170 describes two different
procedures (Procedure A and Procedure B) for RCC consistency testing. Procedure A,
with a surcharge mass of 22.7 kg, is recommended for drier, fairly solid RCC, while
Procedure B, with a surcharge mass of 12.5 kg, should be applied for RCC with
relatively low consistency (normal dry solid consistency). For all mixtures in the
experimental study, the Vebe time was determined according to Procedure A, since it
stated as the preferred procedure in most studies found in the literature. The Vebe
durations were terminated when a mortar ring was sighted around the specimen under
a surcharge mass of 22.7 kg on the vibrating table. In some cases, especially the
extremely drier mixes, it was hard to observe a complete mortar ring and some
necessary repetitions were performed. Also, for mixtures for which the mortar ring
could not be fully visible, such as mixtures with a 3% water ratio, the Vebe time was

determined by the partial appearance of the mortar ring (Figure 3.4).
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Figure 3.4. RCC mixture consistency and applied Vebe test

After determining the Vebe time for the RCC mixtures, cylindrical specimens of
15x30 cm were prepared using the first three laboratory compaction methods specified
in Table 3.1. Since there was not yet a standard for the preparation of RCC specimens
by the modified proctor compaction method, the ASTM D1557, (2012) standard used
for soil compaction was taken as a reference when preparing the RCC specimens.
Cylindrical molds were compacted in five layers as for soil samples, the standard
rammer was freely dropped 25 times for each layer, and six cylindrical specimens of

$15x30 cm were prepared for each mixture, as shown in Figure 3.5.

Figure 3.5. Compaction of RCC mixtures by modified proctor method (ASTM D1557)
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While preparing the RCC specimens using the vibrating hammer (ASTM C1435)
method, the mold was filled with four layers, as specified in the standard. The standard
specifies that the period of application of the vibrating hammer should be terminated
when a mortar ring appears around the specimen or, if such a mortar ring is not
observed, should be held for a maximum of 20 seconds. However, when preparing the
RCC mixtures in the first stage, especially in mixtures where the mortar ring could not
be fully observed, fixed 10, 15, and 20-second reference times were used depending
on the water ratio in the mixtures with the vibrating hammer applied within these
periods. Six cylindrical specimens of $15x30 cm were prepared for each mixture
(Figure 3.6). In the light of experience gained during the first phase, in all mixtures
fabricated during the second and third phases of the experimental study, the vibrating

hammer was applied for 30 seconds to better compact the specimens.

o

Figure 3.6. Compaction of RCC mixtures by vibrating hammer method (ASTM C1435).

When preparing the RCC specimens with the vibrating table (ASTM C1176) the third
compaction method, molds were compacted with three layers with each layer vibrated
under a surcharge load of 9 kg, as specified in the standard. To increase the number
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of specimens, an apparatus for holding a second sample was placed the vibrating table
and the two samples were simultaneously compacted. In the related standard, as for
the vibrating hammer, the vibration time on the vibrating table was limited by
observation of a mortar ring around the specimen. Also, as for the vibrating hammer,
especially in mixtures for which a mortar ring could not be precisely observed,
depending on the water ratio, fixed 10, 15, and 20 second reference times were used
and table vibrations applied within these periods. Six cylindrical specimens of ¢$15x30

cm were prepared for each mixture as in the other methods (Figure 3.7).

Figure 3.7. Compaction of RCC mixtures by vibrating table method (ASTM C1176).

In addition to the above-mentioned methods, SGC, commonly used for preparation of
more sensitive asphalt concrete samples, was selected as a fourth method. Unlike other
compaction methods that use impact compaction, SGC uses both vertical
consolidation pressure and a gyratory kneading effort, a combination thought to
properly represent field compaction conditions in the laboratory. SGC also offers the
significant advantage of achieving desired density and compaction rates with different
gyration numbers. As stated in the literature review, a new standard for the preparation
of RCC specimens using SGC has been proposed (ASTM WK33682) but has not yet
been published. On the other hand, there is a standard test method for determining
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RCC specimen density using the gyratory compactor (ASTM C1800). Based on this
standard, SGC in the METU Civil Engineering Transportation Laboratory was used
to prepare the RCC specimens. The ASTM C1800 standard states that the expected
density of RCC mixtures can be reached after 50-60 gyrations. Within the scope of
this study, three different gyration numbers, 50-60-75, were selected for examining
the effects on RCC physical and mechanical properties of choosing different gyration
numbers. For each mixture, three specimens were produced at each gyration number,
and a total of 9 specimens were obtained using SGC. As mentioned earlier, for SGC,
the target size was ¢15x15cm because height was limited by equipment size (Figure
3.8). However, when mixtures prepared with 6% water ratio were compacted with 75
gyrations, water leakage was seen in the gyratory machine equipment, so, to avoid
damage to the equipment, no specimen production was performed in the cases of all
mixtures prepared with 7% water ratio at all gyration numbers and of for mixtures

with 6% water ratio at 75 gyrations.

Figure 3.8. Compaction of RCC mixtures by SGC method.

When fabricating all RCC specimens in the laboratory, the four compaction methods

were performed simultaneously, and time between first preparation of the mixture and
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the end of production by all compaction methods did not exceed thirty to forty

minutes.

As mentioned earlier, during the first phase of the experimental study, cylindrical
specimens of $15x30 cm (length/diameter=2) were produced with the first three
compaction methods, with cylindrical specimens of $15x15 cm (length/diameter=1)
were obtained using the SGC method. To more accurately compare the results from
the two different types of cylindrical specimens, with reference to slenderness ratio of
1 (length/diameter=1), cylindrical $15x15 cm specimens were formed by cutting them
from the $15x30 cm specimens obtained using the first three methods. To begin this
process, the top 2 cm of the of $15x30 cm cylindrical specimens was cut off to account
for the possibility of inadequate compaction. A 15-cm section was then cut and a sulfur
head established to obtain 28" day compressive strengths (ASTM C39). The density,
percent water absorption, and percent voids in hardened concrete according to ASTM
C642 were obtained from the remaining sample by cutting the 2 cm (350 cm?®)
minimum volume specified in the specification. The remaining cylindrical part of the
10 cm sample was then used to determine splitting tensile strength (ASTM C496)
(Figure 3.9). To compare splitting tensile strength results from the first three methods
with SGC results, additional RCC mixtures (4-5-6%) were prepared and splitting
tensile strength tests also performed on specimens produced by SGC (50-60-75
gyration numbers). Specimens after cutting are shown in Figure 3.10, and photographs

of the related tests are presented in Figure 3.11.

0 2 cm from the top surface was cut and not used.
i @15x15 cm compressive strength specimen
8 D15x2 cm (350 cm?®) porosity specimen

i Remaining part~@10x10 cm splitting tensile

strength specimen

Figure 3.9. Test specimens prepared from @15x30 cm cylindrical samples
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Figure 3.10. Specimens for 28-day compressive strength (ASTM C29), splitting tensile strength
(ASTM C496) and density, water absorption and voids in hardened concrete (ASTM C642)

(a) (b) (©

Figure 3.11. Tests on specimens for; (a) 28-day compressive strength (ASTM C29), (b) 28-day
splitting tensile strength (ASTM C496), (c) density, water absorption and voids in hardened concrete
(ASTM C642)

Prior to compaction of the RCC mixtures using the laboratory DDVHR, the density
and strength results obtained from the modified proctor (ASTM D 1557), vibrating
hammer (ASTM C1435), vibrating table (ASTM C1176), and SGC method (ASTM
C1800), for 20 different RCC mixtures, were examined, and the relationships among
water ratio, density ,and compressive strength of 20 different RCC mixtures for these

four different compaction methods are shown in Figure 3.12.
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Figure 3.12. (a) Density- water ratio (b) 28-day compressive strength- water ratio relationships for
RCC design mixtures.
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Vebe time, reflecting sufficient dry solid consistency required to carry the 10-ton
vibratory roller while the RCC is fresh in the field, and water ratio relationships are

also displayed in Figure 3.13.
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Figure 3.13. Relationship between Vebe time and water ratio for RCC design mixtures

As can be clearly seen in Figure 3.12, when different compaction procedures are used,
both RCC density and strength can vary considerably. When the water content in the
mixture increases, the difference between the densities obtained from the different
compaction procedures decreases (dashed lines in the graph), but this tendency is not
repeated for strength. It is also apparent from Figure 3.12 that the highest 28-day
compressive strength and density values for all mixtures were generally obtained for
water ratios between 5 and 7%. However, as stated in the literature, the consistency
Vebe time of the RCC mixtures generally lies in the range 30-40, desirable in terms
of field and mechanical performance. In the lab tests, Vebe time decreased to less than
30 seconds for the 6-7% water ratio in all mixtures, as shown in Figure 3.13. In this
context, when water ratio, density, compressive strength, and Vebe time (Figure 3.12,
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Figure 3.13) are considered together for 20 different RCC mixtures, it is more
appropriate to focus only on 5-6% water ratio rather than testing with all water ratios
because it is quite difficult and time-consuming to compact all RCC mixtures using a

DDVHR under laboratory conditions.

After determination of field-related RCC mixtures to be compacted with a DDVHR,
trial batches were prepared to develop the most appropriate compaction methodology.
It is know that asphalt pavers are generally used to compact RCC roads, and
compaction of a typical asphalt pavement takes place in two stages, as shown in Figure
3.14. During the first stage, a screed connected to the asphalt paver compresses the
material through weight and vibration, after which the second compaction stage is
carried out using a vibratory roller. To simulate such a two-stage compaction
processes used in the field, two-stage compaction was also performed in the
laboratory. First, a vibratory plate compactor (VPC) with bottom plate dimensions
of 35x45 cm, weight of 100 kg, and vibrating force of 18 kN was used, after which
the DDVHR was applied.

serevEssene Tractor --------

‘L f\;ﬁf

' &

77 - @ ,
Material Screed

First compaction ~ Final compaction using
using screed vibratory roller

Figure 3.14. Typical compaction process for asphalt paver
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The DDVHR used in this study weighed 700 kg and had a capacity of 3900 vibrations
per minute provided by two vibrating cylinders, each of 65 cm width and 40 cm
diameter. To make more effective use of the DDVHR, the size of the plate mold was
chosen as 85x200x15 cm?. Cylinder core samples of size $15x15cm were taken from
the plate to determine simulated RCC pavement performance under different tests. In
the first phase of the experimental study, since a wooden mold was rapidly destroyed,
especially when a concrete cutting saw was used during removal of the beam cores, a

second mold made of steel was chosen (Figure 3.15).

Figure 3.15. Wood and steel molds used for DDVHR

Since approximately 650 kg concrete was required for each mix (mold size 85x200x15
cm?®), three-stage casting with water ratios ranging from 5-6% was performed in the
concrete mixer to produce RCC with a DDVHR for the four different mixtures. As for
the other four laboratory compaction methods, the concrete preparation and mixing
procedures were applied, and two Vebe consistency tests performed on each mixture.
The Vebe times obtained from this method were within the range of 30 + 10 sec. The
concrete was poured as a single layer on the plate, then a VPC with bottom plate
dimensions of 35x45 cm, weight of 100 kg, and vibrating force of 18 kN was used to
apply pre-compaction similar to that provided by a paver prior to application of the
vibratory roller under field conditions (Figure 3.16). After pre-compaction with the

VPC, DDVHR was introduced. During the first applications, the compaction process
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was completed by passing the DDVHR 4 times with vibration followed by 4 times
without vibration (Figure 3.17).

Figure 3.16. Vibratory plate compactor (VPC) application representing field paver compaction
process prior to DDVHR application for RCC mixtures

Figure 3.17. Process of preparation of RCC mixtures using vibrating and non-vibrating double drum
hand roller
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The main problems encountered in this method are due to the fact that the DDVHR is
quite heavy (700 kg), can move in only one direction, has no gradual transition at the
vibrating-mode level, and is difficult to use at a constant speed, especially in vibrating
mode. For these reasons, in some mixtures surface undulation due to changes in the
speed level was observed, especially when operating in vibration mode (Figure 3.18).

Figure 3.18. Surface undulations for some RCC mixtures during DDVHR application

To see the shrinkage behavior of RCC mixtures prepared using DDVHR, daily and
weekly shrinkage measurements were made by attaching pins at different points on

the plates, as shown in Figure 3.19.

After completion of the compaction process, the samples were covered with a damp
cloth to cure the mixtures in the molds, and when the 28-day strength had been
reached, the beam samples were cut with a concrete-cutting saw and 15 cm cylindrical
cores were removed from the plates using a core drilling machine (Figure 3.20). Tests
were carried out on core samples to determine compressive strength (ASTM C39),
splitting tensile strength (ASTM C496) and density, water absorption, and void ratio
(ASTM C642) after 28" days, as in the other four laboratory compaction methods.
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Figure 3.19. Shrinkage measurements on RCC road produced in the laboratory

Table 3.6 (a) summarizes the properties of the cylindrical specimens produced during
the first phase of the experimental study by four different laboratory compaction
methods and prism specimens produced from DDVHR, showing the different RCC
mixtures for determined water ratios (4 different RCC mixtures). The tests performed

on the specimens are presented in Table 3.6 (b).

The results obtained from the cylindrical specimens and core samples produced
during the first phase of the experimental study by four different laboratory
compaction methods and DDVHR to represent field conditions in the laboratory are

examined in the experimental results section.
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(b)

Figure 3.20. Cutting beam specimens (a) and cylindrical coring specimens of 15 cm (b) from RCC
road compacted by DDVHR
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Table 3.6. (a) The total number of specimens prepared for the first phase of experimental study and
(b) experimental plan

(@)
Total number of specimens
Number Number of
Methods Shape  Dimensions (cm) of each . Total
mixtures
sample
Modified Proctor N
(ASTM D1557) Cylindrical ©15x30 6 20 120
Vibrating Hammer -
(ASTM C1435) Cylindrical ?15x30 6 20 120
Vibrating Table Lo
(ASTM C1176) Cylindrical ©15x30 6 20 120
SGC N ~ «
(50-60-75 gyrations) Cylindrical ?15x15 18 16 240
DDVHR Prism 85x200x15 1 4 4

* For some mixtures, specimens with 60 and 75
gyrations could not be produced and were subtracted Total 604
from the total number.

(b)

Number of specimens

Tested for each mixture

Applied Test Dimensions  MP VH VH SGC

Shape
P (cm)  (ASTM (ASTM (ASTM (50-60-75 DDVHR
D1557) C1435) C1176) gyrations)
Compressive strength A
(ASTM C39) Cylindrical  $15x15 6 6 6 9 3
Splitting tensile
strength Cylindrical  $15x10 6 6 6 9 3
(ASTM C496)
Determination of
density, absorption,
and voids in hardened Cylindrical ~ $15x2 3 3 3 9 3

concrete
(ASTM C642)

Note: MP, VH, VT, SGC and DDHVR indicate modified proctor, vibrating hammer, Superpave
gyratory compactor and double drum vibratory hand roller, respectively.

3.2. Phase I1: Mechanical Properties and Fracture Parameters of RCC Mixtures

The second phase of the experimental study examines a total of seven RCC mixtures

obtained by adding three new mixtures to the four mixtures determined in the first
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phase. The first two added mixtures represented intermediate cement dosage (300
kg/m?), while the final mixture was selected to achieve high strength and durability.
The aim of this phase of the experimental study was to determine compressive and
flexural strengths, toughness, and fracture properties of specimens taken from the plate
using DDVHR as the compaction procedure representing field conditions.

3.2.1. RCC Mixture Selection

The mixing proportions of the seven different RCC mixtures discussed in the second
phase of the experimental study are given in Table 3.7. While the 200 and 400 kg/m?®
cement dosage mixtures of these seven mixtures were determined during the previous
phase, in this phase two new mixtures with 300 kg/m® cement dosage and maximum
aggregate size of 12 and 19 mm were added along with another RCC mixture (shown
as B600-D12-W8.5 rather than C400-FA180-SF20-D12) to obtain high strength and
durability. To determine the water amount in the new mixtures, since optimum water
ratios and Vebe times obtained in previous mixtures that gave the highest strength and
density value range were to be considered, water ratios in RCC mixtures with a Vebe
time of 30£10 sec were selected to provide the dry solid consistency necessary to carry
the vibratory roller in the fresh state, as well as to provide sufficient wetness for

homogeneous placement.
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Table 3.7. RCC mixture proportions of the second phase of experimental study for a cubic meter

. Aggregates
Mix Dmax W C

No D C FA SF (mm) %) Water 05 ) 1219 Wi/C %) S/IA

mm mm mm

C200-

1 Di12- 200 - - 12 5.00 117 974 1157 - 058 858 0.55
W5
C200-

2 D19- 200 - - 19 5.00 117 946 866 325 058 856 045
W5
C300-

3 Di12- 300 - - 12 5.50 127 1095 922 - 042 1294 055
W5.5
C300-

4 D19- 300 - - 19 5.50 128 896 820 308 043 1291 045
W5.5
C400-

5 Di12- 400 - - 12 5.50 128 1048 883 - 0.32 17.16 0.5
W5.5
C400-

6 D19- 400 - - 19 5.50 129 857 785 294 032 1712 045
W5.5
B600-

7 D12- 400 180 20 12 8.50 169 863 727 - 0.28 27.39 0.55
W8.5

Note C: cement, FA: Fly Ash, SF: Silica Fume, W: water ratio, W/C: Water to cementitious ratio, C %:
cementitious ratio, S/A: Fine aggregate to total aggregate.

After determination of the RCC mixture designs, ASTM C39, ASTM C78, and JCI-
S-001-2003 standards were employed to determine compressive strength, flexural
strength and toughness, and fracture energies of RCCs. The RILEM procedure
(RILEM TC 89-FMT, 1990) based on non-linear two-parameter fracture model
(TPFM) was also used to determine the critical stress intensity factor or fracture
toughness (Kic), critical effective crack length (ac), modulus of elastic (Ec), critical
crack tip opening displacement (CTODc), and initial fracture energy (Gs), all used to

determine fracture properties of concrete,.
3.2.2. RCC Specimen Preparation and Test Procedures

To determine the mechanical and fracture properties of the seven different RCC
mixtures, DDVHR, first used to represent the field compaction conditions in the
previous phase, was also used on the 85x200x15 cm? plates during this phase. As in
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the previous phase, three-stage castings were performed in the concrete mixer, and
since approximately 650 kg of concrete was required for each mix in the production
of RCC, with the concrete poured in a single layer. The VPC then used to achieve pre-
compaction similar to that provided under field conditions by the paver prior to
application of the vibratory roller. Following the pre-compaction provided by the
VPC, the application of the DDVHR was initiated. Unlike in the previous phase, a
new compaction procedure was developed to prepare the RCC road (plate). The
suggested compaction method was sequential, including two passes with a VPC, two
passes without vibration by hand roller, two passes from the center of the plate with
vibration by the hand roller, two passes from each side of the plate with vibration by
the hand roller, and four passes without vibration by the hand roller. This procedure,
initially developed for the DDVHR, was used for all mixtures during the second phase
of experimental study (Figure 3.21). After concrete casting was completed, the
mixtures were cured under a damp cloth cover on the molds, and after one day had

passed, the coring process was begun on the plate.

Figure 3.21. Application of VPC and DDVHR for RCC mixtures in the second phase of experimental
study

The cutting plan, requiring extraction of core and beam specimens from each
mixture’s plate, was formed by taking into account the sample numbers and
dimensions specified in standards (ASTM C78, JCI-S-001-2003, RILEM TC 89-
FMT-1990) for use in determining mechanical and fracture properties of the RCC

mixtures (Figure 3.22).
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Cylindrical core samples of size @ 15x15cm were taken from the plates to determine
2, 7, and 28-day compressive strengths (ASTM C39) of the RCC mixtures, with at

least four samples taken for each age group.

8x15x70cm?
RILEM (TC 89-FMT)
(Fracture Parameters)
4 samples

10x10x35¢cm?
JCI-S-001-2003
(Fracture Energy)
8 samples

¢15%15cm

ASTM C39
15cm (Compressive Strength)
16 samples

10x10x35cm?

ASTM C78
(Flexural Strength)
4 samples

Figure 3.22. Cutting plan of core and beam samples on the plate to determine compressive and
flexural strength and fracture parameters of each RCC mixture

A total of four beam specimens of dimensions 10x10x35 cm?® were cut from the plates
for determining 28-day flexural strengths, and the 28-day flexural strength tests were

performed according to the ASTM C78 standard, as shown in Figure 3.23.

Eight beam specimens of dimensions 10x10x35 cm?® were similarly cut from the plates
for determining 28 and 90-day fracture energies according to the JCI-S-001-2003
standard, with four samples used for each age group, with specimen sizes and loading
apparatus used for the procedure shown in Figure 3.24. In addition, in accordance with
JCI-S-001-2003, for each specimen a notch of width 5 mm and depth 3 cm was made
under the concrete beams (Figure 3.24).
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Head of testing machine
' Steel rods

d=S/3=10 cm ‘ Steel rods

S;3 N s S3 Rigid plate

Span length S=30 cm

Figure 3.23. Geometry of four-point flexural strength test specimen and the loading configuration
(ASTM C78)

Head of testing machine _ Steel rod

d24dmaks: 10 cm h:7 cm

l\ B24dmak5:10 cm

Steel rods

N | N Rigid plate

L>3.5d
Span length S=30 cm

Figure 3.24 Geometry of three-point bending fracture test specimen and loading apparatus (JCI-S-
001-2003)

Four beam specimens of dimensions 8x15x70 cm? as specified in RILEM (TC 89-
FMT,1990) were cut from the plates for to determining 28-day fracture parameters

and the three-point bending test was applied on notched beams, shown in

Figure 3.25. As required by the standard, the notch length to beam depth ratio was 1/3

and the notch width did not exceed 5 mm.
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Head of testing machine  Steel rod

d=15cm h=10 cm
I\b:8 cm
Steel rods \ N \ Rigid plates
- SI2 S= 60 cm SI2 :
| N
N I
L=70cm

Figure 3.25. Geometry of three-point bending fracture test specimen and loading apparatus (RILEM
TC 89-FMT, 1990)

To determine 2, 7, and 28-day compressive strengths of the mixtures, at least four
samples of @15/15 cm were removed with a core-drilling machine for each age group
(Figure 3.26).

Figure 3.26 Taking the cores on the RCC plate and reducing the plate sizes with walk-behind
concrete saw cutting machine
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Beam specimens required to determine flexural strength and fracture properties of
mixtures were first extracted from the plates by reducing them to approximate size
using a concrete saw, then beam specimens were placed on the specimen-cutting
machine to produce more precise dimensions. The notches required by the JCI and

RILEM standards were also cut using the specimen-cutting machine Figure 3.27.

Figure 3.27. Preparation of beam specimens and notching, the example of (a) the cutting of
JCI-S-001 beam specimen (b) the notching of the RILEM TC 89-FMT beam specimen

In some cases difficulties were encountered in making cuts on the plate, and irregular
samples were cut for RILEM beams since specimen sizes (8x15x70 cm?®) were quite
large, with non-uniform shaped specimens cut as shown in Figure 3.28, such problems

were not encountered in the JCI and ASTM beams.
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Figure 3.28. Some RILEM beam samples that could not be adequately obtained due to difficulties
encountered during cutting and sample views after the test

Because the preparation of notches of different sizes required for JCI and RILEM
beams involves a highly sensitive and challenging process, +1.5 cm notch-length

deviations were observed in some beam specimens.
3.3. Phase Il1: Fatigue Performance of RCC mixtures

Following the determination of the mechanical and fracture properties of RCCs during
the second phase, the final phase of the experimental study was carried out. In this
phase, the fatigue performance of three RCC mixers of different strength classes and
binder amounts were examined. The relationship between fatigue performance of
RCC mixtures and their fracture parameters and mechanical properties were also
explored at the end of this phase, with the aim of satisfactorily estimating RCC fatigue
behavior using the relatively easier-to-determine fracture parameters rather than costly

and time-consuming fatigue testing.

A servo-hydraulic MTS (Landmark 250 kN) load-controlled test machine was used
for fatigue tests, and a four-point bending test was performed for flexural fatigue-
testing, with the distance between points was chosen as L/3 = 10 cm. Similar to the
previous phase, mixtures and specimens were prepared and cured for 28 days, after
which flexural strength was determined and maximum loading levels to be used for
fatigue tests aimed at being applied for certain ratios of that ultimate static flexural
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strength. The loads were separately calculated for the stresses specified by measuring

the dimensions of each specimen before the fatigue testing.
3.3.1. RCC Mixture Selection

As mentioned at the beginning of the section, while determining appropriate mixtures
for investigating fatigue behavior, different strength classes and binder amounts from
RCC mixtures used in the previous phase were taken into account, and three different
binder amounts: 200, 400, and 600 kg/m? were selected. To eliminate the impact of
aggregate size, the maximum aggregate size for the three mixtures was selected as 12
mm, and RCC water ratios were selected to have a Vebe time of 30+10 sec. Table 3.8
displays the mixture designs of RCCs determined for the investigation of RCC fatigue

performance.

Table 3.8. RCC mixture designs to be investigated fatigue performance (kg/m?3)

Aggregate
No Mix ID C FA SF \yaer WIC (?nﬁx)m TAFD
mm mm
1 C200-DI2-W5 200 - - 117 058 12 974 1157 2498
2 CA00-DI2W55 400 - - 128 032 12 1048 883 2510

3 B600-D12-W8.5 400 180 20 169 0.28 12 863 727 2408

Note: C: cement, FA: Fly Ash, SF: Silica Fume, W/C: Water cementitious ratio, TAFD: Theoretical air

free density.

3.3.2. RCC Specimen Preparation and Test Procedure

As stated in the literature review part, since fatigue tests can be quite complicated and
time-consuming processes compared to quasi-static tests, during the first part of the
experimental study four-point flexural fatigue tests were carried out for trial purposes
using a Servo-hydraulic MTS (Landmark 250 kN) load-controlled test machine on

several mixture specimens. Since a pouring plan is important for application of fatigue
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tests on the 28th day of all mixtures, a pouring plan was also prepared during the trial
tests by noting how many hours or days the fatigue tests took for each specimen at
different stress ratios. In addition, in light of the experiences obtained from the trial
tests, some stress-ratio and specimen dimension updates to be applied during fatigue
testing were made. It was therefore decided to apply fatigue tests at five different stress
ratios (55%, 62.5%, 70%, 77.5% and 85%) reflecting the ratio of maximum fatigue
load (Smax) to ultimate flexural strength to obtain more realistic fatigue curves of RCC
mixtures. It was also thought appropriate at the end of the trial tests to select beam
specimen sizes to be used in four-point flexural fatigue tests as 10x15x35 cm?. There
was, however, no change in the loading rate of 10 Hz (10 cycles per second) used in
trial fatigue tests and the minimum load level (Smin = 20% * MR) to be applied for all

fatigue tests.

To perform fatigue testing for RCC mixtures of three different strength classes, a
pouring plan was first established and RCC mixtures were poured according to this
schedule. As detailed for the other two phases of the experimental studies, three-stage
concrete casting was performed and the mixtures compacted on a 85x200x15 cm® steel
plate. The VPC was first used for pre-compaction of the RCC mixtures in the plate,
and was followed by compaction with DDVHR to simulate field conditions. While
the same procedures used in the second phase were applied in preparation, placing,
and compacting of RCC mixtures, unlike in the previous phase, a very thin layer of
cement grout was applied to the plate surface to the small size undulations that could
result in a negative effect caused by load heads not being balanced. Another separate
part of the previous phase was the change in cutting plan resulting from modification
of dimensions of beam samples subjected to fatigue tests. The plate cutting plan for
the beam specimens used in flexural fatigue and fracture testing is shown in Figure
3.29. A total of 38 beam specimens were obtained from the plate for each RCC
mixtures. Four specimens from each mixture were subjected to four-point static
flexural tests (ASTM C78) to determine the maximum load for each fatigue stress

level. At least four specimens from each mixture were also performed to find fracture
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parameters. A total of approximately 90 specimens, about 30 specimens per mixture,

was separated to perform four-point flexural fatigue test.

~4 specimens

10x15x35cm?
Flexural Strength
Test (ASTM C78)

~30 specimens
10x15x35cm?
Flexural Fatigue Test

15cm
~4 specimens

10x15x35¢cm?
Fracture Test
(JCI and RILEM)

Figure 3.29. The plate cutting plan for the beam specimens used in flexural fatigue and fracture tests
(Note: sample locations are not fixed, test samples are selected as mixed)

In the second phase of the experimental studies, specimen sizes specified by standards
(JCI-S-001-2003, 2003; RILEM TC 89-FMT, 1990) were used for determining
fracture energies and fracture parameters. However, in this phase, 10x15x35 cm? beam
specimens were used in fatigue tests and fracture parameter tests. The motivation for
investigating fracture parameters again can be explained as follows. As mentioned at
the beginning of this section, while one objective of this phase was to investigate
relationships between the fracture energies and parameters found in the second part
and the fatigue behavior obtained in this phase, it is assumed that use of samples from
different castings may result in some uncertainty, even though the same mix design
and compaction procedures were used. In making comparisons, since it is significant

to compare specimen results produced from the same casting, it was also thought
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desirable to find out fracture parameters and fracture energies on beam specimens
extracted from the same plate. The second reason for the repeated testing was to
understand differences between fracture results obtained from different specimen
sizes and standard sizes, so fatigue beam specimen size was utilized to determine

fracture properties of RCC mixtures in this phase.

Figure 3.30 shows photographs of the beam specimens (10x15x35 c¢cm?) cut from the
plates on whose surface the very thin cement grout layer was laid fatigue, static
bending and fracture tests. The beam specimens cut from the plates were then covered

with a damp cloth for curing until the testing days.

Figure 3.30. RCC plate prepared for fatigue test and test specimens of 10x15x35 cm3cut from plate
(C400-D12-W5.5)

To perform the stress/load controlled fatigue tests, ultimate flexural strengths of the
RCC mixtures were first obtained in accordance with ASTM C78, after which these
flexural strengths were multiplied by the predetermined stress ratios of 55%, 62.5%,

70%, 77.5%, and 85% to determine maximum fatigue stresses that were then
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separately converted in to load for each specimen and recorded in the test device. The

minimum fatigue load was similarly calculated by converting the load to 20% of the

ultimate flexural strength.

Table 3.9 provides 28-day flexural strengths (ASTM C78), the ratios, number of
samples tested and maximum and minimum load values from four-point flexural
fatigue tests of the RCC mixtures.

Table 3.9. Load parameters for RCC fatigue tests

Applied  Applied

28-day Stress Max. Max. Min.
NO Mix ID Flexural Number of Ratio Flexural Load Load
Strength specimens ) Load - (%S (%20
(M Pa) Pmax (kN) Pmax) Pmax)
(kN) kN)
3 0.550 32.8 18.0 6.5
4 0.625 30.8 19.3 6.2
1 0203\-/E5)12- [40'%%] 5 0700  30.9 216 6.2
6 0.775 31.0 24.1 6.2
6 0.850 31.9 27.1 6.4
4 0.625 375 23.4 6.5
C400-D12- 5.06 5 0.700 40.1 28.1 8.0
2 W5.5 [8.13] 5 0.775 37.4 29.0 7.0
5 0.850 39.2 33.3 7.8
3 0.550 37.5 20.6 75
B600-D12- 5.16 5 0.625 36.7 22.9 7.3
3 W8.5 [5.23] 5 0.700 38.1 26.7 7.6
5 0.775 36.8 28.5 7.4

Note: The coefficient of variation (%) is given in square brackets.

After determining the loading parameters, four-point flexural fatigue testing was
carried out with load control by the servo-hydraulic (MTS Landmark 250 kN) test
machine. The cyclic loading rate was applied at a frequency of 10 Hz (10 cycles per
second) and fatigue testing continued either until the specimen failed or 2 million load
cycles/repetitions had occurred (Figure 3.31). During the tests, the number of

cycles/load repetitions to failure (N) was recorded for each specimen. For specimens

81



reaching 2 million cycles without failing, N was recorded as 2 million. From the
literature review, 2 million load repetitions is generally accepted as a sufficient
number of cycles for fatigue strength in plain concrete studies (Graeff, et al., 2012;
Lee & Barr, 2004; Zhang, Phillips, & Wu, 1996), and since to reach 2 million load
repetitions the fatigue load must be applied for approximately 54 hours without
intervals, fatigue tests take quite a long time. Because of problems, such as electricity
and water interruption, fatigue testing of some samples had to be continued after such

interruptions.

Figure 3.31. Photos from four-point flexural beam fatigue testing (C200-D12-WS5).

Figure 3.32 shows load time, displacement time and load-displacement graphs
obtained from the fatigue tests for a 70% stress ratio as an example. As the figure
shows, an increase in deflection was measured for each specimen while upper and
lower load limits are constant, and this deflection is continued until the material cannot

bear the specified load due to formation and growth of micro cracks.
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Figure 3.32. Typical results from fatigue test (between 0.70*Pmax and 0.20*Pmax ) applied on a
specimen 10 times per second. (Number of cycles to failure =26776).
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CHAPTER 4

EXPERIMENTAL TEST RESULTS AND DISCUSSION

The results of the experimental studies are examined in the three phases explained
earlier and evaluations of these results are presented under three separate subtitles of

this chapter.
4.1. Phase | Results

As explained in detail Chapter 3.1, specimens were produced for a total of 20 different
RCC mixtures by using four different laboratory compaction methods and DDVHR
which can simulate field compaction procedures in the laboratory. In this chapter, the
results obtained from these specimens are given in tables and the discussions are made

with the help of the prepared graphics.
4.1.1. Experimental Results of Different Compaction Methods

The fresh properties, dry and bulk densities, and porosity properties of the RCC
mixtures prepared using four different compaction methods are provided in Table 4.1,
Table 4.2, and Table 4.3, respectively. In these tables, the mean and the coefficient of
variations (CoV %) shown in square brackets were obtained as averages of three

specimens.

Table 4.4 and Table 4.5 show the 28-day compressive strengths (ASTM C39) and
splitting tensile strengths (ASTM C496) with coefficient of variations (CoV) obtained
from the average of six cylindrical specimens (except for the SGC that utilized three

specimens) for each mixture. The size of each cylindrical specimen was @15x15cm.
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Table 4.1. Fresh properties of RCC mixtures (CoV % in square brackets).

RCC mixture design

Mean fresh density (kg/m?)

B 25 2 o o o

No Mix ID Velzsee'(l:')ime Air F;lt-ezelgénsity % § _‘E % E % g § é
kgmy €& £§ &F g @ 9

boc20DRWS 8 7% om s N 0% 04 o1
2 C200-D12-W4 55 2541 %&g(]’ %f%? %g%? %(3325? %g?;(]’ %03?5?
3 C200-D12-W5 32 2505 %5.%? %395? %11% fgg %g% %03.?‘}
4 C200-D12-W6 21 2470 fgll? fg;s]* ff%‘]‘ fgi‘]‘ fgg‘]) .
5  C200-D12-W7 10 2438 fg% fg%‘i 355% o e
6  C200-D19-W3 115 2583 %gﬁ %21‘;‘]) %f%? %12125]3 %g‘ﬁ fgﬁ
7 C200-D19-W4 60 2544 %1172‘]‘ %5%‘]‘ %g%g]’ %5’715 %gfé} %éaf]i
8  C200-D19-W5 28 2508 flzif]‘ 381; fg%‘ fgse? fgif]f %5%
9 C200-D19-W6 10 2473 fg%? f;% fg%(]) 2[‘(‘)?%* 2[‘(‘)93; .
10 C200-D19-W7 7 2441 %g%? %;ie]s %g’.i? o an
1L CH0DIWS TS %08 [o5) pel 1o 02 (o1 [0
12 C400-D12-W4 67 2569 fg%ﬁ fg%* %gg; %93? %iﬁ %03%?
13 C400-D12-W5 52 2534 fg'g? ff.%f]‘ 372? %g%? fgif]f ?033?
14 C400-D12-W6 27 2499 %3?%? %3??3 %éi? %6% 2[%("2]* .
15  C400-D12-W7 15 2465 %g’_%‘]) %g’%? %5’93‘]5 o ek A
16 C400-D19-W3 111 2611 fgg? leg %gg? fg%ﬁ fg%? %OZES
17 C400-D19-W4 81 2573 f&g‘]‘ lez‘]‘ %322; fggf]’ %75(]) fg%
18 CA0DIOWS 5L 27 o) pa 03 o3 08 08
19 C400-D19-W6 28 2502 %f%i’ %;i? %543? %6‘2? %6"-%5]5 %3%2]’
20  C400-D19-W7 12 2468 fgé? 322? fg%ﬁ o e

* data is slightly above the theoretical air free density.
**data could not be obtained due to water seepage in Superpave gyratory machine.
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Table 4.2. 28-day dry density and bulk density of RCC mixtures (CoV % in square brackets).

Bulk density after immersion
and boiling (kg/m®)
(ASTM C642)

Dry density (kg/m®)
(ASTM C642)

S E’ @ ) o ) S E 2 2 3 2
. s £ 3z ®» @ 5~ ' E 3 1 & &
Mix ID 2 3 s O O O 2 3 < O O O
No - 5 8 8 8 ¢ £ L 8 g 3
= > = >
2141 2145 1972 - - - 2328 2305 2196 - - -
1 C00DLW3 g [57] [52] [11] [60] [46]

2258 2324 2116 2252 2247 2273 2418 2451 2307 2400 2392 2411
L7 [22] [21] [03] [t2] [0o9] ([L1] [13] [09] [03] [LO] [0.8]
2222 2386 2210 2274 2245 2264 2371 2479 2357 2411 2391 2400
[1.2] [04 [L9] [08] [06] [06 [07] [02] [L1] [05] [0.4] [0.3]
2356 2365 2327 2274 2335 2337 2466 2474 2426 2395 2446 2447
[04] [02] [09] [0.8] [04] [11] [02] [04] [06] [0.7] [0.3] [0.9]
2311 2264 2228 ., .. s 2431 2395 2373 o o

2 C200-D12-W4

3 C200-D12-W5

4  C200-D12-W6

5  C200-D12-w7

[07] [0.9] [0.6] [05] [0.8] [0.3]
2270 2204 2133 2418 2365 2314
6 C00DIW3 g1 g 27 - C 06 [08 [15] ; ;

2243 2279 2092 2295 2279 2287 2386 2402 2262 2421 2411 2412
(151 [07] [13] [08] [05] [03] [10] [04] [09] ([04] [0.3] [0.2]
2292 2308 2148 2286 2311 2337 2424 2410 2294 2412 2431 2445
[1.6] [17] [L6] [0.6] [04] [04] [1.0] [L1] [20] [05] [0.2] [05]
2340 2320 2328 2268 2290 2319 2444 2429 2430 2400 2419 2437
[09] [06] [06] [06] [10] [06] [07] [05] [0.2] [05] [0.7] [0.4]

7 C200-D19-w4

8  C200-D19-W5

9  C200-D19-W6

o 2296 2277 2290 ., .. .. 2418 2410 2411 -
10 C200DISWT 103 [02] [04] [01] [02] [03]
2209 2110 2019 2389 2321 2243

1 CA00-DIZW3 gy 117] L8] - Ty 05 [Lo - -

2207 2077 1996 2209 2216 2238 2379 2294 2245 2373 2377 2384
[12] [13] [o9] [05] [05] [05] [0.8] [09] [04] [03] [04] [0.3]
2292 2325 2150 2244 2235 2272 2412 2418 2322 2388 2380 2407
[201 [23] [16] [02] [13] [02] [13] [22] [14] ([02] [0.8] [0.2]
2227 2283 2193 2350 2358 2382 2372 2402 2348 2443 2452 2470
[21] [38] [L7] [0.3] [0.6] [04] [11] [23] [L1] [02] [0.6] [0.2]

12 C400-D12-W4

13 C400-D12-W5

14 C400-D12-W6

2287 2306 2266 ., .. .. 2393 2412 23718 . .
15 CA0-DIZWT 1541 [02] [0.4] [02] [02] [03]

2222 2068 1988 2387 2286 2232
16 CAO-DIOW3 1151 g o] T T T 7 [04 [09 ; ;

2240 2170 2082 2235 2230 2238 2382 2355 2285 2388 2384 2390
[15] [0.6] [12] [04] [13] [0.2] [1.3] [0.3] [04] [02] [10] [0.2]
2293 2338 2128 2242 2261 2270 2417 2441 2298 2380 2391 2397
[1.0] [18] [05] [0o6] ([04] ([0.3] ([06] [11] [0.2] ([0.6] [0.2] [0.1]
2350 2376 2312 2336 2333 2336 2446 2465 2415 2440 2438 2438
[1.8] [03] [13] [03] [0.2] ([04] [13] [0.3] [LO] [0.1] [0.1] [0.4]
2355 2340 2308 ., .. . 2451 2445 2423
[02] [04] [0.2] [01] [0.2] [0.4]
- Specimens compacted with SGC with 3% water could not be prepared due to unavailability of the equipment at
that time.

**data could not be obtained due to water seepage in SGC machine.

17 C400-D19-W4

18  C400-D19-W5

19  C400-D19-W6

*% *% *%

20  C400-D19-W7
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Table 4.3. 28-day volume of permeable pore void and water absorption capacity of RCC mixtures

(CoV % in square brackets).

Volume of Permeable Pore Voids (%) Water Absorption Capacity (%)
(ASTM C642) (ASTM C642)
S E @ o o ) S E 2 2 3 0
- = £ : %2 2 B B O & B OEOC
Mix ID = =
oo T = I L g g8 g 3z ¥ L g8 g g
= > = >
18.7 16.0 22.4 8.7 7.4 11.4
1 CN0-DI2ZWS 7 r13] (o8 - o7 4 [Be - -

159 128 191 148 145 138 71 55 91 66 65 60
[7.8] [145] [11.9] [6.7] [55] [27]1 [96] [17]1 [14] [69] [6.2] [3.0]
149 93 148 137 146 137 67 39 67 60 65 60
[74] [371 [143] [54] [40] [58] [8.6] [40] [16] [6.0] [45] [6.3]
109 108 105 121 112 111 46 46 47 53 48 47
[55] [19] [6.3] [2.8] [48] [53] [6.00 [20] [72] [34] [51] [63]
120 131 144 . .. . 52 58 65 .. .k e

2  C200-D12-w4

3 C200-D12-ws

4  C200-D12-W6

5 C200-D12-wW7

44 [24]  [41] 51 [33]  [A7]
148 162 182 65 74 85
6 C200-DIOSW3 a3 125 [76] - Tl 4 9 - -

143 122 170 127 133 125 64 54 81 55 58 55
[5.4] [6.0] [401 [76] [6.1] ([6.0] [79] [67] [52] [83] [6.5] [6.3]
132 101 146 126 121 108 58 44 68 55 52 46
[85] [150] [109] [30] [51] [26] [9.91 [171 [10] [3.6] [54] [2.2]
104 108 102 132 129 119 44 47 44 58 56 51
[36] [3.71 [90] [21]1 [46] [45] [46] [41] [96] [26] [56] [5.1]
122 132 121 .,  .r w53 58 53 . o

7  C200-D19-w4

8  C200-D19-W5

9  C200-D19-W6

10 C200-D19-W7

[40] [27] [1.9] [43] [29] [2.2]
179 211 258 81 100 129
11 CADO-DI2W3 a1 110] 5] - © e8] 13 (8 - -

172 217 249 164 162 146 78 104 125 74 73 65
501 [42] [37 [64] [L71 [33]1 [61] [53]1 [46] [6.8] [21] [3.8]
120 93 172 144 145 135 52 40 80 64 65 60
[14] [11.4] [56] [32] [8.0] [14] [16] [12] [64] [3.21 [94] [L15]
144 104 162 93 94 88 6. 70 40 40 3.

[62] [05] [94] [35] [08] [55] [16] [3.8] [9.4] [3.8] [02] |[5.8]
106 106 113

12 C400-D12-w4

13 C400-D12-W5

14 C400-D12-W6

- a *%k *%k *x " " *xk *%k *%k
15 CA0-DI2WT 361 [08]  [25] 39 [L0] [27]
16.5 21.8 24.5 7.4 10.5 12.3

16 CAODIOWS (6g) 51 661 - °  ~  [78 [60] 85

14.2 18.4 204 153 154 152 6.4 8.5 9.8 6.9 6.9 6.8
4] (371 [78] [32] [23] [20] [6.1] [43] [9.0] [33] [36] [21]
12.4 9.3 17.0 138 131 126 54 44 8.0 6.1 58 5.6
[70] [39] [76] [03] [60] [48] [8.0] [19.7]1 [8.0]1 [0.8] [65] [5.1]
9.6 8.9 10.3 105 105 102 41 3.7 45 45 45 44
[0.71 [16] [61] [41] [19] [39] [12] [13] [74] [44] [21] [40]
95 105 115 . ~ 41 45 50 . o
20 CHODEWT 1og) [38] [37] [0l [42] [39]
- Specimens compacted with SGC with 3% water could not be prepared due to unavailability of the equipment at
that time.
**data could not be obtained due to water seepage in SGC machine.

17 C400-D19-w4

18 C400-D19-W5

19  C400-D19-W6
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Table 4.4. 28-day compressive strength of RCC mixtures (CoV % in square brackets).

N Mix ID g < g s =@ ©8% 8% 8=
0 IX o o T O y o Yy o y o
=2 fz D3 gz gz g2

84 214 78 144 144 211

1 C00-DI2W3 g 59] (79 [350 [63]  [97]
130 270 87 219 234 276

2 C200-DI2Wa— ryer 11421 [106] [26] [50]  [5.3]

150 314 160 200 227 229
[99] [46] [7.8] [08] [02]  [9.2]
226 259 234 246 228
[904]  [6.8] [144] [28] [5.9]
216 206 208

- - ** ** **
5 C200-D12-w7 [5.0] [3.4] [4.8]

3 C200-D12-W5

*%

4 C200-D12-W6

151 230 129 133 145 12.9
[246] [75] [134] [85]  [86]  [125]
183 282 145 278 285 302
671 [54] [71]  [5.0] [4.2]  [6.6]
270 348 202 250 266 281
53]  [8.3] [45]  [72]1 221 L7
313 307 312 294 292
[3.4] [34] [49]  [08] [2.2]

228 216 211

6 C200-D19-W3

7 C200-D19-w4

8 C200-D19-W5

*%*

9 C200-D19-W6

- - ** ** **

10 c00DIGWT TR D0 D
175 127 45 230 239 239
11 CA00-DI2W3 o 1] @24 (401 [29]  [13]
150 116 44 253 225 223

12 CAOO-DIZWA ™ g9]  [94] [108] [104] [54] [13]

269 320 232 319 324 314
[7.3]  [127] [108] [9.6] [0.6]  [12.4]
370 510 360 427 404
73]  [87]1 [25] [35] [5.0]
53.2 466 48.2

15 CA00-DI2W7 [7.1]  [6.9]

13 C400-D12-W5

*%*

14 C400-D12-W6

16.9 114 37 19.0 206 20.0
[5.8] [83] [58  [03] [7.4] [4.3]
17.8 14.4 5.7 20.7 19.1 20.7
[3.9] [8.4] [136] [7.0]1  [4.3] [4.6]
30.0 36.6 215 34.7 36.3 34.7
[13.2]  [9.9] [8.4]  [8.2] [0.3]  [5.3]
38.0 46.3 45.7 53.8 52.3 53.8
[8.2] (771 [74  [41] [3.9]  [1.0]
45.0 41.7 43.1

20 C400-D19-W7 [96] [36] [60] ** ** *x

16 C400-D19-W3

17 C400-D19-W4

18 C400-D19-W5

19 C400-D19-W6

**data could not be obtained due to water seepage in SGC machine.
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Table 4.5. 28-day splitting tensile strength of RCC mixtures (CoV % in square brackets).

No  MixID gf’f g'ﬁf s B 83 ®g
as £35S K2 32 85 6=
s S ~ > n > 17 Tt %)
1 C200-D12-W3 [éé] [2:573] : 103;_76] i ] ]
2 C200-D12-w4 [116%.30] [S:g] [11i.23] [Sii] [éﬁg] [éig]
3 C200-D12-W5 [é;] [??] [Sﬁg] [1221%4] [zzté] [&23:;]
4 C200-D12-Wo [ffz] [%.57] [12i74] [12677] [133.()2] [fé??]
5 C200-D12-W7 [?é'.%] [13&] [26-21 wox o o
6 C200-D19-W3 [é:;] [126?2] [116?’5] - - -
7 co00-DIewa [%3'-%] [%%] [122'?01 [1221?1] [é'.37] [%,Eé]
5 C200-DISWS [é'-%] [3;.%] [éig] [125)01 [i'j] [fd%]
9 C200-DI-We [féf.;z] [131.18] [29'.33] [23'21] [22'.?3] [é'.i]
10 C200-D19-W7 [126.74] [12i§01 [27-.‘11 wx o o
11 C400-D12-W3 [25';] [éé] [fié.lza] ] ] ]
12 C400-D1z-Wa [11;1] [11(%8] [%'.é] [ﬁig] [gig] [12;6]
13 CA00-D12-W5 [?;'.ta] [37'.77] [12;8] [33'.22] [%.%] [?;%]
14 C400-D12-We [3)51] [fbfz] [fé?s] [?3'.96] [156?5] [%.Z]
15 C400-D12-W7 [ng] [gﬁ] [?é'i] wox o o
16 C400-D19-W3 [111'_68] [%3] [3-.36] ] ] ]
17 C400-D19-W4 [%3'.78] [%3'.%] [%.i] [112'.85] [2;1'.%3] [12é(.)4]
18 C400-DIS-W5 [izfs] [g:?] [izi%s] [%}5] [21'.76] [27'.2]
19 CA00-DIS-WE [?5'-59] [L71:L11] [i'.g] [36%8] [g:g] [33',%]
20 C400-DI9-W7 [ff?] [fi?s] [f%?s] ** > x>

- Specimens for splitting tensile strength compacted with SGC with 3% water could
not be prepared due to unavailability of the equipment at that time.
** data could not be obtained due to water seepage in SGC machine.
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Figure 4.1. Relationship between 28-day compressive strength and density, porosity, 28-day splitting
tensile strength (red 200 kg/m? - blue 400 kg/m?)
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Density, porosity, and 28-day splitting tensile strength values with respect to the 28-
day compressive strengths for all specimens are plotted in Figure 4.1. These
relationships were derived for separate 200 and 400 kg/m® dosage mixtures as well for
a combined dosage. A linear relationship (R?>= 77%) between compressive strength
and splitting tensile strength of mixtures was found, and exponential growth between
compressive strength and density of the RCC mixtures was observed, while an
increase in permeable pore voids exhibited an exponential decay with respect to

compressive strength.

4.1.1.1. Effects of Mix Parameters on Physical and Mechanical Performance of
RRC Mixtures

The effect of the cement dosage (200 and 400 kg/m?) and aggregate size (Dmax-12 and
19 mm) on strength was examined for all RCC mixtures, and, as expected, there was
an increase in strength with enhanced cement dosage independent of compaction
methods. Figure 4.2 show that while Dmax-19 mm mixtures exhibited higher
compressive strength at low cement dosage (200 kg/m®) than the Dmax -12 mm
mixtures, it was not possible to make such a generalization for high cement dosage
mixtures (400 kg/m?®).

60

(o2
o

N
S

N
o

® M.Proctor-C200 0O M.Proctor-C400

Compressive strength values for Dmax 19 mm
mixtures (MPa)
w
o

| | A V.Hammer-C200 AV.Hammer-C400
10 X V.Table-C200 X V.Table-C400
¢ SGC50-C200 © SGC50-C400
®SGC60-C200 + SGC60-C400
0 M SGC75-C200 X SGC75-C400
0 10 20 30 40 50 60

Compressive strength values for Dmax 12 mm mixtures (MPa)

Figure 4.2. A comparison between the compressive test results based on the maximum aggregate
sizes for the same RCC mixtures (red 200 kg/m? - blue 400 kg/m3)

92



Figure 4.3 shows the density-water amount and compressive strength-water amount

relationships when the first three compaction methods: modified proctor, vibrating

hammer, and vibrating table, were compared.
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Figure 4.3. a) Density-water ratio and b) compressive strength-water ratio relationship obtained by
the production of RCC mixtures by modified proctor, vibrating hammer and vibrating table
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Figure 4.3(b) show that the relationship between compressive strength and water
amount was generally obtained as a parabolic curve for mixtures with lower cement
dosage (200 kg/m?). Such mixtures show actual soil behavior, and their approximate
5% water content results in maximum compressive strength. However, higher cement
dosage mixtures (400 kg/m?®) act as conventional concrete, so for the water content
values considered in this study, any increase in water content value results in an
increase in compressive strength, so such a clear parabolic curve cannot be drawn. The
reason for this behavior lies in the well-known explanation by Abrams, (1918)
depicted in Figure 4.4. As the W/C ratio increases, the compressive strength reduction
can be represented by a power curve, but this is true only for a fully or well-compacted
concrete mixture, and as the W/C diminishes, the specimen compaction will become
harder, leading to reduced strength. RCC mixtures fall into the region where
increasing the water amount along with adequate compaction will lead to an increase
in the compressive strength. For the water amounts used in this study, an increase in
water amount for low-cementitious mixtures resulted in a moisture level optimum for
achieving the highest compressive strength, although the optimum water amount

varies with compaction methods.

Dry concretes cannot be fully compacted and the

strength decreases below a certain water ratio

Strength

depending on the compaction method.

Machine ~
compaction ,"

’l
Hand compaction

Fully compacted
concrete

»
—

Water ratio

Figure 4.4. Relationship between compressive strength, water ratio and compaction method (Abrams,
1918)
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To provide better understanding, the compressive strength of RCC mixtures with
respect to water amount for the different compaction methods is also presented in
Figure 4.5. As seen in these graphs, for all compaction methods, as the water amount
Is increased the low-cementitious mixtures represented in red follow a parabolic trend,

while the high-cementitious mixtures represented in blue follow a linear trend.
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Figure 4.5. Relationship between water amount and compressive strength at 28 days for each
compaction method

The results for SGC, another method within the scope of this study, were examined
and the effects of gyration numbers on the strength and density of RCC samples were
explored. In Figure 4.6, since it can be observed that gyration numbers have no
significant effect on strengths and densities of RCC specimens, it can be said that
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gyration levels in the range of 50 to 60 gyrations should be selected in order to simulate

the actual field conditions in the laboratory.

In Figure 4.7, the compressive and splitting tensile strengths of RCC mixtures
compacted at targeted 60 gyrations, specified in the ASTM C1800 standard as
recommended gyration numbers for RCC mixtures, are separately compared to those
compacted at 50 and 75 gyrations. It can be observed that compressive and splitting
tensile strengths of the RCC mixtures were virtually independent of the compaction
effort.

When the effect of water amount on RCC compressive strengths and densities for SGC
Is investigated, while a significant relationship cannot be found for low cement dosage
(200 kg/m?3), for high cement dosage (400 kg/m?) a linear relationship can be observed
between water amount and compressive strength, along with a parabolic relationship

between water amount and density (Figure 4.8 and Figure 4.9).
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Figure 4.6. Effect of the gyration numbers on RCC mixture design a) 28-day compressive strength
(ASTM C39) b) density (ASTM C642)
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It is noteworthy that similar cases have been seen in the literature related to RCC

mixtures prepared by SGCs. Those researchers also observed a rising trend between

water amount and density rather than the expected parabolic behavior, and noted that

water leakage occurred from the equipment above a certain water amount (Amer, et
al., 2003, 2004; S. Williams, 2013). Similarly, in this study water leakage occurred at

75 gyrations for mixtures with a 6% water ratio, while water leakage occurred at all

gyrations in mixtures with a 7% water ratio during preparation of the SGC samples,

so for the SGC method a 5-6% water ratio is determined as the range that can be used

in these mixtures without resulting water leakage.
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Compressive strengths obtained from the first four compaction methods were
compared for low and high cement mixtures with reference to the vibrating hammer.
As can be seen in Figure 4.10, use of the vibrating hammer results in the highest
strength for low cement-dosage mixtures, while it gives lower strength than the
modified proctor and the SGC for high cement-dosage mixtures, especially at low
water ratios (3-4%). Conversely, when the SGC is taken as a reference, it can be seen
that higher strength is obtained than for the other three methods for higher cement

dosage mixtures (Figure 4.11).
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Figure 4.10. Comparison of compressive strengths obtained from the first four compaction methods
w.r.t vibrating hammer a) 200 kg/m? cement dosage b) 400 kg/m® cement dosage

The relationship between concrete consistency (Vebe time) and compressive strength
was examined for the first four compaction methods, and the relationships between
Vebe consistency time and the compressive strength of all mixtures are also presented
in Figure 4.12. From this figure it can be seen that the most appropriate water amounts
in the specified Vebe range are approximately 6% for high-dosage mixtures and
approximately 5% for low-dosage mixtures. Moreover, the relationship between Vebe
time and compressive strength is best described as linear (R?=0.70) for high cement
dosage RCC mixtures, while no relationship (R?=0.12) was found for low cement
dosage RCC mixtures.
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4.1.1.2. Effect of Compaction Ratio on Physical and Mechanical Performance of
RRC Mixtures

While the compaction ratio for RCC specimens was calculated based on the maximum
theoretical fresh density of concrete (air free) in this study, it is known that the
compaction ratio for soil applications is calculated based on dry density. This ratio is
used to compare the physical and mechanical properties of the RCC samples produced
by different laboratory compaction methods. Eqg. (4.1) was used to calculate the

compaction ratio of the RCC specimens.

Fresh Density (4_1)
Theoretical Air Free Density

Compaction ratio (%) =

The compressive strengths corresponding to compaction ratio of RCC mixtures are
shown in Figure 4.13, showing that, for low cement dosage mixtures, compaction
ratios of least 96% can be achieved with compressive strengths of 20 MPa, higher for
all compaction methods, while for high cement dosage mixtures, compaction ratio of
at least 96% vyields a strength of 40 MPa or higher.
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Figure 4.13. Relationship between compressive strength and compaction ratio for RCC mixtures (red
200 kg/m?® - blue 400 kg/m3)
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As it can be seen in Figure 4.14, the compaction ratio is affected by not only
compaction methods but also mixture parameters such as binder dosage and water
amount. For all mixes and all compaction procedures, as the amount of water in the
mixture increases the compaction ratio approaches 1.0, i.e., the fresh wet density of
the sample approaches the theoretical air-free density.
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Figure 4.14. Effect of RCC mix parameters on the compaction ratio (VH, MP and VT are
abbreviations of vibrating hammer, modified proctor and vibrating table, respectively).

For all mixtures, use of the vibrating table resulted in the least compaction, and SGC
resulted in the highest amount of compaction, as can be seen from the red and green

regression lines separated from the others. With respect to low cement dosage
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mixtures (C200-12 and C200-19), use of the vibrating hammer resulted in a higher
degree of compaction than the modified proctor, although the difference was only
marginally significant for the high cement dosage mixtures (C400-12 and C400-19).
On the other hand, no significant trend was observed with respect to aggregate size,
and this is also evident from the regression line parameters provided on the graphs.

The relationship between Vebe consistency time and the compaction ratio is given in
Figure 4.15, and the relationship can be seen to take on a logarithmic form for all
compaction methods (R?=0.71-0.93). As the figure shows, when the effects of a
change in the compaction method for both low and high cement content RCC mixtures
are examined, a considerable change in compaction ratio especially at high VVebe times
can be observed, while for Vebe times below 15 seconds the compaction ratio values
for the different methods are close to one another. The highest compaction ratio for
the same Vebe durations for almost all RCC mixtures was obtained from SGC,

vibrating hammer, modified proctor and vibrating table, respectively.
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Figure 4.15. Vebe time and compaction ratio relationship (red 200 kg/m? - blue 400 kg/m®).
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In this study, when considering strength, density, compaction ratio, and applicability
(in the field) of the RCC mixtures, it was found that the ideal water amounts were
approximately 6% for high-dosage mixtures and approximately 5% for low-dosage

mixtures.

4.1.1.3. Comparison of Laboratory Compaction Methods with DDVHR Practices

on RCC Pavement

At the end of this phase, the results obtained from the first four laboratory compaction
methods were compared with the core results produced by the DDVHR that simulated
field compaction in the laboratory for selected RCC mixtures. The results obtained
from the core specimens taken from the plate compacted by a DDVHR are given in
Table 4.6. These preliminary results showed that DDVHR compaction methodology
can be applied successfully under laboratory conditions with vebe time of about 30
sec. The results of 28-day compressive strength, density, and compaction ratio tests
for all the compaction methods were compared with the DDVHR results, as shown in
Figure 4.16. The figure shows that the closest results for the DDVHR with respect to
28-day compressive strength, density, and compaction ratio values were obtained for

the SGC and vibrating hammer methods.

Table 4.6. Results of double drum vibratory hand roller (DDVHR) for specified water amounts

—~ o ()

Theoretical 2 > S 58 £5 5
: Vebe . 20 G B ES ¢ E£5o 5%
No MixID time air free s c'g S o g8 = 58T o<
©) densiy 235 35 58 2§ 3 225 § g
kgm) F= 2= § 55 O EzS< ES

L ° 83 SERRES
1  C200-D12-W5 45 2505 2370 2266 < 95% 25 3 16 104
2 C200-D19-W5 35 2508 2399 2293 96% 30 7 3.3 10.6
3 C400-D12-W5 57 2534 2384 2280 94% 42 1 21 104
4 C400-D19-W6 23 2502 2400 2302 96% 44 2 35 9.8
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Figure 4.16. Comparison of the results obtained from the DDVHR with the other four laboratory
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Figure 4.17 also shows long term-shrinkage results for these RCC specimens,
revealing that shrinkage values in 200 kg/m?® cement dosage specimens were quite low
compared to those in 400 kg/m® cement dosage mixtures. All shrinkage values were
also very low (< 350 pstrain) compared to those of conventional concrete (typically
around 600-800 pstrain).
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Figure 4.17. The shrinkage results obtained from RCC specimens.

4.1.2. Discussion

In the first phase of the experimental study, a total of 600 cylindrical specimens (15x30
cm? and 15x15 cm?) were produced by four different laboratory compaction methods
(modified proctor (ASTM D1557), vibrating hammer (ASTM C1435), vibrating table
(ASTM C1176), SGC (ASTM C1800)) and four plate specimens (15x85x200 cm®)
were produced by DDVHR. Vebe consistency test (ASTM C1170), 28-day
compressive (ASTM C39) and splitting tensile strength (ASTM C496) and density
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tests, and water absorption and permeable pore void tests (ASTM C642) were

performed on those specimens, leading to the following conclusions:

e Laboratory compaction techniques have a profound effect on the physical and
mechanical properties of RCC mixtures. For all mixtures, the vibrating table

caused least compaction, while SGC resulted in highest compaction.

o Compaction ratio, which is one of the most important parameters defining
RCC properties, is highly affected by not only compaction methods but also

mixture parameters such as binder amount and water content.

o The use of a higher cement dosage (400 kg/m®) both increased density and
enhanced compressive strength. In terms of compressive strength, maximum
aggregate size has a considerable effect on mixtures with a cement content of
200 kg/m3, with the 28-day compressive strength values increasing with the
use of larger aggregate size. However, this was not true for the higher cement
content for which about half of the test results reflected decrease in strength
with the larger aggregate. In addition, when the 28-day compressive strength
and splitting tensile strength obtained from all RCC specimens were

correlated, there was a linear relationship between them.

e For the first three laboratory compaction methods (Modified Proctor,
Vibratory Hammer, Vibrating Table), the ideal water ratio for RCC mixture
designs was found to be in the range of 5-6%, while the expected ideal
parabolic relations between water ratio and density or compressive strength in
soils has not been observed in produced RCC mixtures except for when the
vibrating hammer method was used. Also, when these three methods are
compared, it was found that vibrating hammer use generally led to higher

strengths than other methods.

e For RCC specimens prepared by the SGC method, RCC mixtures of 7% water
ratio could not be prepared because of water leakage in the SGC equipment.

The relationship between water amount and compressive strength for SGC was
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also examined, and especially for high cement dosage, a linear increase in
compressive strength with water ratio was observed. Similar water leakage and
behavior in SGC have also been reported in the literature (Amer et al., 2003,
2004; S. Williams, 2013). The optimum water content for SGC method was
determined around 6% in this study, where the ideal water amount was taken

to be highest for which no water leakage was experienced by the researchers.

When the effects of gyration levels for SGC method on compressive strength,
density, and water ratio of RCC samples were investigated, it was found that
changes in the number of gyrations did not lead to a significant change for 50,
60, and 75 gyrations.

While the effect of the compaction ratio on the compressive strength of high
cement content mixtures is quite clear, it is not very noticeable for mixtures
with low cement content. However, for all the mixtures, after a compaction

ratio of 96%, this effect becomes even smaller.

The relationship between compaction method and compaction ratio is
significantly affected by Vebe time. For low Vebe times, the compaction ratios
for all the methods applied were close to one another, but the differences

increase with an increase in Vebe time.

DDVHR compaction methodology, which can simulate the field compaction
procedures, can be applied to produce RCC plates successfully under

laboratory conditions with vebe time of about 30 sec.

The results for cylindrical specimens produced by four laboratory compaction
methods and the results for core samples extracted from plates produced by
DDVHR for the determined RCC mixtures were compared in terms of
compressive strength, density, and compaction ratios, and it was observed that
the closest results to the DDVHR were obtained by the SGC and the vibrating

hammer methods.
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In view of the findings from the first phase of the experimental study, it was clear that
it would be more appropriate to design water ratios of RCC mixtures in the range of
5-6% and Vebe times in the range of 30+10 sec for the second phase of the

experimental study.
4.2. Phase 11 Results

In the second phase of the experimental study, in which the mixture design,
compaction methodology and testing procedures are explained in detail Chapter 3.2,
the compressive and flexural strengths and fracture properties of seven different RCC
mixtures are examined. All RCC mixtures were prepared by DDVHR on the plates to
simulate the field compaction conditions and core samples were taken from the plates
for determination of compressive strengths (ASTM C39) for 2, 7 and 28 days. Four-
point flexural strength test (ASTM C78) was carried out on beam specimens cut from
the plates to determine the flexural strength of the RCC mixtures for 28 days. Two
different test procedures, JCI-S-001-2003, (2003), RILEM TC 89-FMT, (1990), were
applied to determine the fracture properties of RCC mixtures. The results of the tests
applied to the RCC mixtures in order to determine the fracture parameters and

mechanical properties are given in the following section.
4.2.1. Experimental Results
4.2.1.1. Compressive and Flexural Strengths

The theoretical air free density, average Vebe (consistency) time, compaction ratios
and compressive strengths after 2,7 and 28 days for seven different RCC mixtures are
presented in Table 4.7. The compaction ratio was calculated by dividing the densities
of the cores by the theoretical air free density, as explained in Phase | of this study,
although in Phase I, fresh densities of samples compacted in cylindrical molds were
used to calculate the compaction ratio, while in this phase the average densities
obtained from the hardened specimens were used because of inability to measure it
from the plate in fresh state. The compressive strength values given in the table show

the average value for each age group of at least four @15 /15 cm core samples taken
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from the plate. In addition, for comparison, three @15/30 cm cylindrical molds for
each mixture were prepared using the vibrating hammer (ASTM C1435), and the 28-
day compressive strength results are also given in Table 4.7. While the water ratios of
the RCC mixtures were determined with reference to Vebe times of about 30 seconds,
for 300 kg/m*® and 600 kg/m® binder dosage mixtures, it was realized that the
consistency was slightly higher expected, so the Vebe times decreased to
approximately 20 seconds, as shown in Table 4.7. It is believed that this might have
been caused by the fine aggregate containing a little more moisture during mixture
preparation. High mixture consistency resulted in undulations in some parts of the
RCC surface during compaction of 300 kg /m? binder dosage mixtures with DDVHR.
On the other hand, as expected, RCC mixtures began behaving as normal concrete

with an increase in consistency and more compaction was observed.

Table 4.7. Average Vebe time, compaction ratio (CR) and compressive strength at 2,7 and 28 days for
RCC mixtures.

2, 7 and 28 days compressive strength of RCC

Physical properties of RCC mixtures mixtures
DDVHR V. Hammer
. Vebe 2 days 7days 28days CR 28 days
No Mix 1D TAFD  time SR (MPa)  (MPa)  (MPa) (%) (MPa)
(%)
(sec)
16.6 22.6 26.9 36.0
1 C200-D12-W5 2498 32 95.1 [4.7] [5.8] [4.9] 98.8 [4.4]
18.9 23.8 29.0 37.4
2 C200-D19-wW5 2504 32 97.0 [4.6] [4.3] [9.3] 99.5 [3.8]
22.0 30.2 40.6 46.7
3 C300-D12-W5.5 2495 22 98.6 [9.4] [9.8] [6.6] 98.9 [10.6]
23.0 29.0 43.3 47.9
4 C300-D19W55 2501 20 97.8 [4.6] [8.6] [7.1] 98.4 [11.0]
26.3 29.5 39.2 56.8
5 C400-D12 W5.5 2510 35 953 [6.1] [9.9] [3.9] 98.0 [9.3]
26.9 30.4 31.3 50.2
6  C400-D19W5.5 2515 32 946 [2.6] [6.5] [4.3] 98.9 [9.9]
31.0 36.8 48.0 455
7 B600-D12 W8.5 2408 21 99.0 [4.4] [7.6] [3.7] 98.1 [9.1]

Note: Values in boldface indicate statistical similarity between vibrating hand roller and vibrating
hammer for 28-day compressive strength.
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Figure 4.18 shows the observed increase in compressive strength as the binder dosage
and specimen age. However, the maximum aggregate size used in the mixtures was
found to be less effective with respect to compressive strength (Figure 4.18), while
the 28-day compressive strengths obtained by DDVHR, representing the field, were
lower than the compressive strengths of samples obtained with a vibrating hammer,
representing laboratory compaction conditions. Considering all the mixtures, the
average compressive strength of DDVHR was 25% lower than when using the
vibrating hammer, not only for the last mixture expected to yield high strength and
durability, with both compaction procedures yielding statistically-similar results.
While these results were significant in terms of the extent to which the compaction
process can affect the compressive strength of RCC mixtures, a t-test with 95%
confidence revealed that 28-day compressive strength pairs of DDVHR cores and
laboratory vibrating-hammer specimens (for RCC mixtures with an approximate 20-
second Vebe consistency time) produced the same results statistically, and this might
have caused the convergence of compaction ratios with increasing consistency. As
expected, with an increase in consistency, RCC began to exhibit conventional concrete

behavior and yielded higher compaction ratios.

As it can be seen in Figure 4.18, 300 kg/m? binder dosage mixtures exhibited higher
28-day compressive strengths than 400 kg/m® binder dosage mixtures due to the
previously-mentioned Vebe times and higher compaction ratios. That is, the increase
in the consistency of the mixture resulted in a higher compaction ratio, leading to an
increase in compressive strength. On the other hand, some problems with surface
roughness and undulations were encountered during compaction of higher consistency
mixtures with the DDVHR. In other words, even though increasing the consistency of
RCC mixtures leads to higher compaction ratios of compressive strength values, it can
cause RCC insufficiency in carrying the weight of the vibratory roller in fresh states,
possibly resulting in surface problems during field application. It is therefore vital to
take into consideration the Vebe consistency time of the RCC laboratory studies to

obtain results consistent with field conditions.
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Figure 4.18. Relationship between cement dosage and compressive strength of 2, 7 and 28 days for
DDVHR.

It was also observed that RCC mixtures reached about 65% of their nominal strengths
after 2 days, making them sufficiently strong for carrying light traffic even at the
lowest cement dosage (> 15 MPa) (Harrington, et al., 2010). The mixtures also reached
about 80% of their nominal strength after 7 days, (Figure 4.19), one of the essential

factors that can separate RCC from traditional concrete in pavement application.

Four-point bending tests (ASTM C78) were performed on four beam specimens of
geometry 10x10x35 cm? cut from the plates for determination of flexural strengths
after 28 days (Figure 4.20), with a servo-hydraulic MTS (Landmark 250 KkN)
displacement-controlled test machine used for the flexural test. The rate of
displacement was 0.5 mm/min for the flexural test. The results of flexural strength of

average four beams for RCC mixtures are given in Table 4.8.
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Figure 4.19. Relationship between cementitious dosage and compressive strength development with
respect to concrete age for DDVHR.

Figure 4.20. Determination of flexural strength of RCC mixtures according to ASTM C78.
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Table 4.8. Average 28-day flexural strength values and coefficient of variations of RCC mixtures

Maximum Span B_eam Beam MSS;:E:GOf
. Load* Length  width*  depth*
No Mix 1D (P) L ® O MR

Mean CoV

N mm mm mm MPa %

1 C200-D12-W5 11676 300 95.0 93.5 4.22 7.5
2 C200-D19-W5 12813 300 92.6 102.2 4.19 13.3
3 C300-D12-W5.5 15423 300 101.5 102.9 4.33 10.7

4 C300-D19-W5.5 15018 300 100.5 101.4 4.35 4.9

5 C400-D12-W5.5 16168 300 101.6 101.4 4.64 9.0

6 C400-D19-W5.5 14577 300 102.2 105.6 3.84 5.0

7 B600-D12-W8.5 18615 300 95.7 101.0 5.65 4.4

*1t was measured separately for each specimen and the average value is given in the table.

As it can be seen in Table 4.8 and Figure 4.21, there was no clear relationship between
flexural strengths of the RCC mixtures and binder dosage and the maximum aggregate
size. Because the C400-D19 mixture with the lowest degree of compaction (94.6%)
(Table 4.7), showed the lowest performance with flexural strength. It is seen that
compaction ratios of RCC specimens also affected flexural strength results as in the
compressive strength results. At this point, it should be noted that the beams were
subjected to two cutting operations; they were first removed from the plate, after
which the specimen height was reduced to 10 cm. As expected, the highest flexural
strength was obtained from the blended mixture (B600-D12) that, was planned to have
high strength and durability.
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Figure 4.21. Relationship between binder dosage and flexural strength.

4.2.1.2. Fracture Parameters - RILEM Procedure

The RILEM (TC 89-FMT 1990) procedures based on nonlinear TPFM (Jenq and Shah
1985), described in detail in the previous section, were applied on beam specimens

with the dimensions specified in

Figure 3.25. Three-point bending tests were conducted at a constant crack mouth
opening displacement (CMOD) rate using a closed-loop servohydraulic universal
testing machine, the MTS Landmark, with a capacity of 250 kN, as shown in Figure

4.22. The loading rate was set at 0.02 mm/min.

The testing guidelines require that after the beam reaches its ultimate strength and the
load begins to decrease, the specimen should be unloaded at 95% of peak load. When

the applied load comes down to zero, the reloading process is applied, and this
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procedure continues until the specimen fails. Each beam was subjected to one such

cycle of loading-unloading, as shown in Figure 4.23.

Figure 4.22. Three-point bending fracture test (RILEM TC 89-FMT 1990) on notched RCC specimen.
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Figure 4.23. Loading and unloading compliances (C;i and C,) from Load-CMOD curve (C400-D19-
WS5.5).

As part of the TPFM (Jenq & Shah, 1985), the loading and unloading CMOD
compliance values (Cij and Cy) were calculated to determine the fracture parameters

as the inverses of the slopes of the loading and unloading curves, respectively.
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For those calculations, Young Modulus (E) was first calculated to determine the value
of the effective crack length (ac) from Eq. (4.2).

_ 6SayV; (%)
~ Cd?b
0.66 (4.2)
Vi(o¢o) = 0.76 — 2.28 o<+ 3.87 oo 2 — 2.04 o<y 3 + =02

o= (ao/d)
where S=span length, aop=initial notch depth, d= depth, b= width, Ci= initial loading

compliance value, Vi(ao)=geometric factor for the beam specimen, and oo=initial
notch depth ratio,1/3.

The critical effective crack length, ac, can be then calculated from Eq. (4.3).

_ EC,d%b
e = 65V, (x.)
) , , 066 (4.3)
Vi(o,) = 0.76 — 2.28 o+ 3.87 ¢ 2 — 2.04 o, 3 + d-x,)?
x.= (ac/d)

where ac= critical effective crack length, and C,= unloading compliance value.

After the critical effective crack length, ac, has been determined, the critical stress

intensity factor or fracture toughness, Kic®, can be calculated using Eq. (4.4).

Syma F(x,)
K;.® = 3(Bnax + 0.5 W,S/L )#
(4.4)
1.99 —, (1 —¢.)(2.15 — 3.93 <.+ 2.7 .2)

F(x.) = V(1 + 2 o )(1 —o,)3/2

where Pmax = the measured maximum load, Wo=self-weight of the beam.

Finally, the critical crack tip opening displacement can be calculated using Eq. (4.5).

117



nax30es (%e) T~ fy7 + (1081~ 1149 5) (B — 7]

CTODc =

(4.5)
B = (ac/ao)

The initial fracture energy (or energy release rate), Gt, can also be determined based
on the values of K®ic and modulus of elasticity, E, for plane stress, using Eq. (4.6).

_ R’
E

Gr (4.6)

In this study, K®c which indicates that the critical stress intensity factor or fracture

toughness is obtained from TPFM was expressed with the typical Kic abbreviation.

Figure 4.24 shows the load-CMOD graphs required for determination of fracture

parameters according to the RILEM TC 89 FMT procedure for seven different RCC
mixtures.
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(a) 200 kg/m3 binder dosage RCC mixture (tests were repeated with new mixture due to damage of
the sample before the test)
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Figure 4.24. The load-CMOD graphs obtained by RILEM TC 89 FMT procedure for seven different
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RCC mixtures.
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For each RCC mixture, required for the RILEM fracture equations (Eq. 4.2-6) , the
average specimen geometry values and input parameters such as maximum load
(Pmax), and loading and unloading compliances (Ci and Cy) are presented in Table
4.9(a).

The average fracture parameters -the modulus of elasticity (E), the critical effective
crack length (ac), the critical stress intensity factor (Kic), the critical crack-tip opening
displacement (CTODc), and the energy release rate/initial fracture energy (Gg)
obtained from RILEM fracture equations (Eq. 4.2-6) for each RCC mixture are shown
in Table 4.9(b). As can be seen in that table, the coefficient of variations values is
generally lower than values obtained from fracture tests found in the literature for
conventional concrete, where it is recommended to set the coefficient of variation limit
to 20% for Kic and 40% for CTODc (Shi et al., 2018).

TPFM contains two valid fracture parameters for cementitious materials, the critical
stress intensity factor (Kic) and the critical crack-tip opening displacement (CTOD.),
and the other parameters, maximum load (Pmax), modulus of elasticity (E), and critical
effective crack length (ac), can be derived to find these two parameters. The
relationships between these parameters and the RCC mixture properties represented

by the aggregate size and the binder content are shown in Figure 4.25.

The first remarkable result is that the critical stress intensity factor or fracture
toughness (Kic) of mixtures, which is a measure of the resistance to crack propagation
in materials, were found higher than 1.0 MPa.m¥2 even in the lowest dosage mixture
which is the typical value of conventional concrete pavements. In addition, the highest
Kic was obtained from C300-D19 mixture. However, this result may be related to size
effect since the average specimen’s width and depth of this mixture were smaller than

other mixtures as shown in Table 4.9(a).

It was also observed that Kic enhanced with the increase of binder dosage in RCC
mixtures as shown Figure 4.25(c). Similarly, with the increase of the maximum

aggregate size, the growth in stress intensity factor was detected in all RCC mixtures,
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and this amount of growth varied between 11% and 15% depending on the binder
content. The results also showed that the critical stress at which a crack occurs was

higher in Dmax 19 mm than Dmax12 mm.

Table 4.9. Fracture test results of RCC mixtures according to the RILEM TC 89-FMT (1990)
procedure

(a) Average of the measured geometric data for each specimen.

No 1 2 3 4 5 6 7

C200 - C200 - C300 - C300 - C400 - C400 - B600 -
Mix ID D12- D19- D12- D19- D12- D19- D12-
W5** W5*>* W5.5 W5.5 W5.5 W5.5 Wa.5

H *
Beamv‘(,":'ght kg 273 241 218 16.2 185 19.7 17.9
Beam I'_e”gth* mm 676 648 733 669 663 660 645
*
Span 'Se”gth mm 600 600 600 600 600 600 600
1 *
Beamk‘)"”dth mm 1223 106.0 81.2 75.0 81.0 81.9 83.2
*
Beamc‘fepth mm  150.1 151.1 144.1 1325 1439 150.1 144.9
*
NOtChagepth mm 5200 4500 3765 4160 4498 4394 4931
Initial
compliance* - 491E-06 3.69E-06 3.74E-06 5.44E-06 5.08E-06 4.33E-06 5.34E-06
Ci
Unloading
compliance* - 987E-06 1.09E-05 6.94E-06 151E-05 1.02E-05 1.05E-05 1.16E-05
Cu
Max. crack
mouth opening
displacement* mm 0.71 0.78 0.81 0.66 0.67 0.83 0.65
CMODc
Max. load* AT 473 4.88 3.13 4.08 452 3.98
Prax [19.1] [4.3] [148]  [11.0] [10.9] [9.5] [11.0]
Theoretical
flexural vps 384 361 478 455 432 4.44 462
strength* [3.7] [4.3] [2.4] [3.4] [9.8] [14.2] [3.7]

Gtfs

* It was measured separately for each beam sample and the average value is given in the table.
** Tests were repeated with new mixture due to damage of sample before the test.
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(b) Average fracture parameters for RCC mixtures (CoV, % in parenthesis).

Modulus C”t'c.al Critical Critical Crack Energy Release

Effective Stress . : o
of ; Tip Opening Rate/Initial
. L Crack Intensity .
No Mix ID Elasticity Lenath Factor Displacement Fracture Energy
E ag Ko CTOD. G

(GP&) (m r?n) (N/m3/2) (mm) (N/m)
1 C200- 27.36 71.26 1.07 0.0139 41.76
D12-W5* [6.3] [12.2] [2.5] [1.3] [1.3]
C200- 32.05 74.90 1.23 0.0153 48.43
2 pro-wsx  [10.9] [7.7] [9.9] [22.5] [28.6]
C300- 35.39 54.47 1.26 0.0127 45.03
3 DI2-W55 [2.6] [9.92] [8.6] [19.0] [20.2]
C300- 38.25 66.23 1.42 0.0136 53.04
4 Dlo-W55 [6.0] [7.8] [10.3] [17.8] [25.2]
C400- 33.71 65.16 1.19 0.0128 4491
5  D12-W55 [3.8] [4.8] [11.0] [9.0] [17.2]
C400- 34.62 69.05 1.37 0.0156 54.52
6 pig-wss  [13.3] [3.8] [11.2] [5.2] [12.9]
B600- 37.61 70.73 1.32 0.0127 46.64
7 D12-W8.5 [4.9] [4.1] [4.7] [8.5] [9.5]

*The results obtained from the new mixtures.

The second fracture parameter calculated by TPFM is CTODc; it provides an idea of
the fracture behavior and the crack in the material. It was observed that an increase in
the size of aggregates led to an increase in CTOD. as in K¢ results. The increase in
fracture parameters values associated with an increase in the size of aggregates can be
explained by the bridge effect in concrete (B. Wang, Zhang, Dai, & Xu, 2011; Zhou,
Barr, & Lydon, 1995). Unlike K¢, while CTOD. exhibited a downward trend with an
increase in binder dosage, no clear behavior was observed for the maximum aggregate
size of 19 mm, while the effect of the compaction ratio on fracture parameters was
significant as it was for strength behavior. The fracture parameters exhibited trends
different from the overall trend in 300 and 400 binder-dosage mixtures, the second
highest (98.6%) and the lowest (94.6%) compaction ratio, respectively.
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Figure 4.25. Relationship between fracture parameters obtained by RILEM procedure and binder
dosage.
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Relationships between fracture parameters and strengths are shown in Figure 4.26.
The relationship between all fracture parameters and strengths was found to exhibit a
linear relationship for small maximum aggregate size RCC mixtures, while it was not
valid for mixtures with a maximum aggregate size of 19 mm. K¢ increased linearly
with an increase in compressive strength for all RCC mixtures, and the crack
resistance for the maximum aggregate size of 19 mm RCC mixtures was higher than
that for 12 mm at the same compressive strength, and these results are consistent with
the literature for conventional and high strength concrete (Jenq & Shah, 1985; Sarker,
Haque, & Ramgolam, 2013; B. Wang et al., 2011; Zhou et al., 1995). Simply put,
when cracks propagate, they require higher energy to go around or through larger
aggregate. Unlike the K, CTOD. that tended to decrease with an increase in
compressive strength except for one mixture (C400-D19), (Figure 4.26 (b)). As
expected, the specimens exhibited more brittle behavior through an increase in
compressive strength from a reduction of the water-binder ratio in the mixtures. At
this point, CTOD. might also be reduced by increasing the brittleness of RCC
mixtures, although it can be seen that there is no agreement in published studies about
the effect of the compressive strength on CTOD. for normal concrete. Some studies,
for example, state that the effect of compressive strength on CTODc is negligible (Lin,
Jin, & Li, 2004; Wang, et al., 2011), while another study asserted that CTOD.
decreases with an increase in compressive strength when the aggregate size remains
constant (Zhao & Xu, 2001).
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Figure 4.26. Relationship between strengths and fracture parameters, (a) critical stress intensity
factor, (b) critical crack tip opening displacement, (c) initial fracture energy
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It can also be said that RCC mixtures exhibited more pronounced fracture properties
with respect to critical stress intensity factor compared to results in the literature
related to conventional concrete pavement mixtures (LaHucik, et al., 2017;LaHucik
& Roesler, 2017; Roesler, Paulino, Gaedicke, Bordelon, & Park, 2007).

Typical fractured surfaces of specimens from each mixture at the end of the fracture
test (RILEM procedure) are shown Figure 4.27, where it can be seen that the cracks
follow the aggregate perimeters of and fracture occurs throughout the cement matrix,
especially in mixtures of 200 and 300 kg/m?®binder dosage with maximum aggregate
size of 19 mm. It can also be observed that some aggregates are broken in the 400 and
600 kg/m® dosage mixtures. In particular, the fracture surfaces of mixtures with a
maximum aggregate size of 12 mm are smoother than those with a maximum
aggregate size of 19 mm, indicating that some cracks follow a shorter path before
specimen failure, i.e., mixtures with maximum aggregate size of 12 mm may require

less fracture energy than mixtures with 19 mm aggregate size.
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Figure 4.27. Typical fractured surfaces of specimens from each RCC mixture at the end of the
RILEM test procedure

127



4.2.1.3. Total Fracture Energy - JCI Procedure

In the method developed by the Japanese Concrete Institute (JCI-S-001 2003), load-
CMOD curves of notched beams under three-point bending test were used to
determine toughness and total fracture energy of RCC specimens. As described in
detail in the previous chapter, the specimen sizes and loading setup for the procedure
are shown in Figure 3.24. 28 and 90 day fracture-energy tests were performed for the
first three mixtures, while testing of the last four mixtures was delayed due to a
problem with the cutting machine. For the first three mixtures, since no significant
difference was observed in the fracture energy results for the two ages, the average of
eight specimens (40+10 days) was evaluated for each mixture, mainly because of the

small difference in ultimate strength development between those two ages.

With respect to the RILEM test, a three-point bending test was conducted at a CMOD
rate using the servohydraulic universal testing machine (MTS Landmark 250 kN)
(Figure 4.28), with a 0.05 mm/min loading rate. The measurement of load and CMOD
was performed from the beginning of testing until the specimen completely ruptured.

Figure 4.28. Determination of fracture energy of RCC mixtures by three-point bending test applied on
notched beam according to JCI-S-001-2003 standard
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Load-CMOD curves for seven different RCC mixtures are shown in Figure 4.29 and
Figure 4.30. Since the testing was performed by controlling the CMOD at a slow
loading rate, the specimens had not been completely ruptured at the end of the fracture
test because the load amount required to continue the test was nearly zero. When the
cracks had reached a certain size, the specimen remained stable and its dead weight
was almost enough to increase the value of the CMQOD, i.e., the load-CMOD graph
exhibited significant differences from the specimens in the tail section, as shown in
Figure 4.29. In this study, complete failure in this test was defined to be when the load

had diminished to 1% of the ultimate load.

At the end of the tests, the following equations were utilized to calculate fracture

energy (Gr) consistent with the related standard.

075X Wy + W,
F Alig

S (4.7)
W, = 0.75 X (Zml) X g X CMOD,

where Gr= Total fracture energy (N/m), Wo= area below load-CMOD curve up to the
rupture of the specimen (N.mm), mi=specimen weight (kg), S= span length (mm), L=
total length of specimen (mm), g= gravitational acceleration (9.807 m/s?), CMOD.=
crack-mouth opening displacement at the time of rupture (mm), and Aiig= area of

broken ligament (mm?).

The fracture energy of RCC mixtures was calculated from the above equations, and
Table 4.10 shows the average of measured geometric data, including average
toughness (Wo) and fracture energies (Gr) values for RCC mixtures. As it can be seen
in Table 4.10 and Figure 4.31, all RCC mixtures (except for C300-D12) exhibited
similar fracture energies (Gg). It should be kept in mind that C300-D12 and C400-D19
mixtures, the second most (98.6%) and at least (94.6%) compacted respectively,
affected all the investigated relationships. In addition, this unexpected rising in
fracture energy may be also related to size effect as in Kjc results since this mixture

has lowest effective depth among the other mixtures. Contrary to expectations, neither
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increases in binder dosage or maximum aggregate size led to a significant change in
the fracture energy, and the seventh mixture developed for obtaining a high strength
RCC appeared to exhibit the lowest fracture energy. Increasing the brittleness of the

material is thought to decrease both the toughness and the fracture energy.

Figure 4.32 shows typical fractured surfaces of specimens obtained for each mixture

at the end of the experimental tests.

Table 4.10. Fracture energy (Gg) test results according to the JCI-S-001-2003 procedure.

No 1 2 3 4 5 6 7
C200 C200 C300 C300 C400 C400 B600
Mix 1D -D12- -D19- -D12- -D19- -Dl12- -D19- -Di2-

W5 W5 W55 W55 W55 W55 W85

Average of measured geometric data

1 *
Sample weight kg 8.5 9.9 8.8 8.6 8.3 8.4 8.8

(my)
*
Samp'a_')ength mm 351 345 351 344 351 351 350
*

Span ('g)”gth mm 300 300 300 300 300 300 300
Samp'(eb‘)"”dth mm 1011 914 1010 959 996 1002 103.9
Samp'(ed;je"’th mm 1022 1009 1027 1051 99.6 1037 1036
NOtC?a‘j)Epth* mm 301 297 346 316 282 311 267

1 *
Effective depth mm 721 712 681 736 713 726 7638
(h=d-a0)
Crack mouth opening
displacement* mm 0.88 0.69 0.81 0.79 0.78 0.94 0.75
(CMOD)
Average of fracture energy test results
Max. Load* KN 4.7 5.6 5.3 4.7 5.4 4.3 8.6
(Pmax) [115] [165] [21.0] [125] [183] [10.8] [9.5]
Theoretical Flexural 3.97 4.70 5.11 4.07 475 3.80 6.29
Strength* MPa [6.8] [9.3] [9.8] [104] [134] [9.1] [27]
(ths)
Toughness* Nmm 649 674 783 669 639 628 593
(Wo) : [252] [27.7] [26.8] [22.1] [16.0] [17.2] [20.5]
Fracture Energy * N/m 72.3 72.4 92.0 77.0 73.2 72.1 63.8
(Gr) [227] [187] [201] [17.7] [13.0] [151] [10.7]

* 1t was measured separately for each beam sample and the average value is given in the table.
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Figure 4.32. Typical fractured surface of the samples at the end of the JCI test procedure.
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4.2.1.4. Characteristic Length

One of the most frequently-used parameters in the fracture mechanics concept is the
characteristic length (lch), developed by Hillerborg, etal., (1976) as an inverse measure
of material brittleness. Characteristic length (lcn) is a material property defined in Eq.
(4.8), as a function of total fracture energy (Gr), tensile strength (f)) and elastic

modulus (Ec).

L, = ECGF
AL

This parameter can be useful in structural design since it controls strength, fracture

(4.8)

mode and crack growth (Akkaya, et al., 2003). While is value will usually vary
between 100-200 mm for mortar and 200-500 mm for concrete, it can be lower or
higher than these values (Hillerborg, 1985). The variation in characteristic length with
respect to the binder dosage and maximum aggregate size is given obtained for each
RCC mixture in Figure 4.33, where it can be seen to show a decreasing tendency with
increasing binding amount, i.e., the specimens exhibited more brittle behavior with
such an increase. While this linear tendency was clearly seen for mixtures with a
maximum aggregate size of 12 mm, mixtures with a maximum aggregate size of 19
mm showed a downward trend while not representing linear behavior. The figure
shows that the seventh mixture with a binding amount of 600 kg/m® had the lowest
characteristic length, so this mixture would be expected to exhibit the highest brittle

behavior among the examined mixtures.

The change in characteristic length with respect to compressive and flexural strengths

and the RILEM fracture parameters are illustrated in Figure 4.34.
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Figure 4.33. Variation of the characteristic length with regards to the binding amount and maximum
aggregate size.

Figure 4.34 (a) shows that there is a clear decreasing trend of the characteristic length
with an increase of in either compressive or flexural strengths, mixtures exhibited
more brittle fracture with an increase in compressive strength. The comparison
between the RILEM fracture parameters and the characteristic length in Figure 4.34(b)
reveals that Icn is inversely proportional to the critical stress intensity factor (Kic) but
directly proportional to the crack tip mouth opening displacement (CTODc). In other
words, the mixture with larger Kic exhibited more brittle behavior, while the one with
a larger CTOD. would be expected to exhibit less brittle behavior. One of the most
striking results to emerge from the figures is that an increase in maximum aggregate
size in RCC mixtures resulted in a growth in the characteristic length, i.e., the mixtures
with smaller maximum aggregate size became less brittle. These results are consistent
with other studies which have shown that characteristic length is increased when either
compressive strength decreases or maximum aggregate size increases in concrete
mixtures (Akcay, et al., 2012; Akkaya, et al., 2003; Kornbak & Karihaloo, 1996; M.
A. Tasdemir & Karihaloo, 2001).
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Figure 4.34. The relationship between characteristic length and (a) strengths, (b) RILEM fracture
parameters in RCC mixtures.

4,2.2, Discussion

In the previous phase of the experimental study, twenty different RCC mixtures
comprised of two different cement dosages (200 and 400 kg/m®), two different
maximum aggregate sizes (12-19 mm) and five different water ratios (3,4,5,6,7%)

were prepared using different compaction methodologies, and their physical and
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mechanical performances were investigated. Four RCC mixtures were then selected
from these twenty different mixtures by considering compressive and tensile
strengths, compaction ratios, and ideal Vebe consistency times for field applications.
In this phase, three new RCC mixtures were added to the four different RCC mixtures
discussed in the first phase. Two were formed as mixtures of 12 mm and 19 mm
maximum aggregate sizes with a cement amount of 300 kg/m? to provide a clearer
understanding of the effect of binder dosage, while the third was formed as a mixture
with 12 mm maximum aggregate size and 600 kg/m®binder dosage, with cement
weight of 45% fly ash and 5% silica fume, to represent behavior of high-performance
RCC. To simulate field consistency conditions, the water ratio of the mixtures was
chosen based on Vebe times of 30 + 10 seconds. All RCC mixtures were compacted
in a plate with dimensions of 15x85x200 cm? by applying a VPC and a DDVHR to
simulate compaction under actual field conditions.

The compressive strengths at 2, 7 and 28 days of cores taken from the plates and at 28
days of cylindrical samples produced by vibrating hammer were determined. Third-
point bending test was performed on beam specimens that were cut out of the plate to
determine the 28-day flexural strengths. Three-point bending test was also applied to
notched beams at constant CMOD rates specified in standards to determine the
fracture parameters of seven different RCC mixtures by using two different
procedures, RILEM TC 89-FMT, (1990) and JCI-S-001-2003, (2003). The calculated
fracture parameters were Ec, Kic, CTOD, ac, Gf, Grand lcn.

Conclusions from the strength and fracture tests, relationships among them, and
effects of the mixture designs on the results are as follows:

e The highest compaction ratio was obtained for 300 kg/m?® 98.6-97.8% binding
mixtures (ignoring the blended mixture), while the lowest compaction was
obtained from 400 kg/m® 95.3-94.6%. binding mixtures. This clearly and
significantly affected all the test results obtained from these mixtures. Vebe
times are thought to be effective at these compaction ratios. For the 300 kg/m?®
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and 400 kg/m? binder mixtures, respective Vebe times in the range of 22-20
sec and 35-32 sec were obtained. Even though increasing the consistency of
RCC mixtures leads to higher compaction ratios, it makes the RCC
insufficiently capable of carrying the weight of the vibratory roller at fresh
state, creating surface problems during field application, so it is vital to
consider the Vebe consistency time of the RCC laboratory studies to obtain

results consistent with field conditions.

When compressive strengths after 2, 7, and 28 days of (815x15cm) cores taken
from the plates compacted with DDVHR were examined, an increase in the
compressive strength with increased binder dosage and specimen age was
observed, although the maximum aggregate size used in mixtures has been
found have less influence on compressive strength. On the other hand, for 300
kg/m? binder dosage mixtures, because of the effect of high compaction ratio
the compressive strength at 28 days was approximately 41 MPa and it reached
same compressive strength as the 600 kg/m? binding mixture. It also exhibited
higher compressive strength than 400 kg/m? binding mixtures that have the

lowest degree of compaction.

The RCC mixtures reached about 65% of their 28 day-compressive strength
after 2 days, sufficient to carry light traffic even at the lowest cement dosage
(> 15 MPa) (Harrington, et al., 2010), and about 80% after 7 days. This is a
critical point that can RCC apart from traditional concrete in pavement

applications.

The 28 day-compressive strengths of RCC samples produced by DDVHR that
represented field conditions were lower (about 25% less) than for samples
produced with the vibrating hammer that represented laboratory conditions.
This is related to the lower compaction ratio, except for the blended mixture
(B600-12) that exhibited higher compaction ratio and compressive strength in

the DDVHR specimens. The compressive strength results obtained by both
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methods were statistically similar to one another for low Vebe times

(approximately 20 s) when the compaction ratios were close to one another.

When the 28-day flexural strengths (ASTM C78) of RCC mixtures were
examined, it was seen that the highest flexural strength was obtained from the
blended mixture (B600-D12), which was planned to have high strength and
durability. The C400-D19 mixture, which has the lowest degree of compaction

(%94.6), presented the lowest performance in flexural strength.

Kic, which is a measure of the resistance to crack propagation in materials, was
found higher than 1.0 MPa.m2 even in the lowest dosage mixture which is the
typical value of conventional concrete pavements. It was also observed that
Kicenhanced with an increase in binder dosage in RCC mixtures. Similarly, as
maximum aggregate size increased, increases varying between 11% and 15%
depending on the binding contents were detected in all RCC mixtures.
Moreover, an increase the aggregate size led to an increase in CTOD..

Kic increased linearly with increase in compressive strength for all RCC
mixtures, while the CTOD. conversely tended to decrease with increasing

compressive strength except for one mixture, C400-D19.

Increases in binder dosage or maximum aggregate size did not produce
significant changes in the fracture energy, and fracture energies of all RCC
mixtures except for C300-D12 were close. However, since the fracture energy
test was performed by controlling the CMOD with applying a slow
displacement rate, the specimens had not completely ruptured at the end of the
fracture test when the applied load had diminished to a value near to zero, even
though, this had no notable effect on the fracture parameters because since the

test only lasted until the load had gone down to 1% of the ultimate force.

The characteristic length tends to decrease with an increase in either

compressive or flexural strength, and the mixtures exhibited more brittle
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fracture when the compressive strength increased. A comparison between the
RILEM fracture parameters and the characteristic length revealed that the
latter is inversely proportional to K¢ but directly proportional to CTOD, i.e.,
the mixture with a larger Kc exhibits more brittle behavior, and the one with a
smaller CTOD¢ would similarly be expected to exhibit more brittle behavior.

e An increase in maximum aggregate size in RCC mixtures resulted in a
characteristic length growth, i.e., mixtures with smaller maximum aggregate

size became more brittle.

Last but not least, fracture parameters of RCC mixtures are affected by compaction

ratio and size effect such as notch depth, notch width, specimen height and width.
4.3. Phase 111 Results

In the previous phase, mechanical and fracture properties of seven different RCC
mixtures were examined. In this last phase of the experimental study, for three RCC
mixes of different binder amount, the flexural fatigue performance was determined in
terms of S-N curves and the relationship between its fracture parameters are
investigated. In addition, the effect of mixture design on the RCC fatigue behavior is
explored. The mixture design, compaction methodology and fatigue testing

procedures for RCC mixtures are explained in Chapter 3.3.

Flexural fatigue test results and S-N curves of RCC mixtures, comparison with S-N
curves of conventional concrete in literature, their relationship with its fracture
parameters and effects of mixture design on its fatigue behavior is discussed in detail

in the following section.
4.3.1. Flexural Fatigue Test Results of RCC mixtures

Fatigue testing of concrete mixtures is typically performed on specimens in load/stress
control to develop Stress-Life (S-N) curves that indicate the number of load

cycles/repetitions to failure (N) corresponding to the stress/load ratio (S).
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In this study, the S-N approach used in all conventional concrete studies described in
the literature was utilized to analyze fatigue behavior of RCC mixtures. Fatigue loads
calculated for each stress ratio, shown in Table 4.11, were applied to specimens at a
loading frequency of 10 Hz (10 cycles per 1 second) and fatigue tests were continued
either until the specimen failed or 2 million number of load cycles/repetitions had
occurred. During the tests, the number of load cycles/repetitions to failure was
recorded for each specimen, and for specimens reaching 2 million cycles without
failing, the number of load cycles/repetitions (N) was recorded +2 million. To evaluate
how far specimens might last after 2 million load cycles, testing was continued for
some specimens until 4 million cycles had occurred.

Table 4.11. Load parameters for fatigue test.

28-day Stress Max. Applied Applied
No Mix ID Flexural ~ Number of Ratio Flexural Max. Load Min. Load
Strength  specimens ) Load - (%S Prmax) (%20 Pmax)
(MPa) Pmax (KN) (kN) kN)
3 0.550 32.8 18.0 6.5
4 0.625 30.8 19.3 6.2
1 CZO\?\;E 12- [40'%%] 5 0700 309 216 6.2
6 0.775 31.0 24.1 6.2
6 0.850 31.9 27.1 6.4
4 0.625 375 23.4 6.5
C400-D12- 5.06 5 0.700 40.1 28.1 8.0
2 W5.5 [8.13] 5 0.775 37.4 29.0 7.0
5 0.850 39.2 33.3 7.8
3 0.550 375 20.6 7.5
B600-D12- 5.16 5 0.625 36.7 22.9 7.3
3 W8.5 [5.23] 5 0.700 38.1 26.7 7.6
5 0.775 36.8 28.5 7.4

At the end of fatigue testing, the number of load cycles/repetitions (N) corresponding
to the stress ratio (S) was plotted in semi-logarithmic form, and the slope obtained for
the equation was recorded as the fatigue slope. Table 4.12 shows the number of load
cycles/repetitions (N) corresponding to the stress ratio (S) and the number of samples
tested for each stress ratio.
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Fatigue testing for each mixture was continued for approximately 1-1.5 months. The
longest fatigue tests were observed at the lowest stress ratio of 55%, and the 2 million
cycles were continued non-stop for 54 hours, so it was thought that there was no more
need for further tests when the number of cycles exceeded 2 million for the first three
test samples tested at low-stress ratios, e.g., a 55% stress ratio. The remaining samples
were either used for other stress ratios in which the variation was higher or used to
determine fracture parameters. Outliner test results were ignored. Figure 4.35 shows
S-N diagrams plotted in semi-logarithmic form by carrying out a linear regression on

each RCC mixtures.

Table 4.12. Results of 28-day flexural fatigue test for RCC mixtures

Stress Number  Number of load cycles/repetitions to

Mix ID Ratio of failure (N) S-N equations
(S) samples Results of each sample Average
0.550 3 3x 2000001+ *2
million
0.625 4 4 X 2000001+ *2
million
C200- . . . $=0.9291-0.0503log(N)
4571; 21090; 26776; o
12-5 0.700 5 55343: 897986: 201153 R?=0.813
73; 100; 385; 1407; 5083;
0.775 6 9878 2821
0.850 6 5;78; 81; 136; 528; 2992 637
0.625 4 4 X 2000001+ *2
million
34784; 102829; 121785;
C400- 0.700 5 123837; 199230 116493 S$=0.9188-0.0431log(N)
12-55 R?=0.889
340; 1995; 3663; 50750;
0.775 5 116052 34560
0.850 5 12; 24; 32; 70; 121 52
0.550 3 3 x 2000001+ +2
million
146233; 293777; 554264;
B600- 0.625 5 1140130; 1333509 693583 S$=0.8644-0.0436log(N)
12-8.5 R2=0.879
1132; 9564; 20837; 53397;
0.700 5 53860 27758
0.775 5 15; 106; 119; 125; 435 160
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Figure 4.35. S-N curve for each RCC mixture under flexural fatigue loading (a) 200 kg/m? binder
dosage (b) 400 kg/m? binder dosage (c) 600 kg/m3 binder dosage
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As can be seen in Figure 4.35, samples that did not fail after 2 million load cycles are
shown with arrows and the sample numbers tested are also indicated in the figures.
The stress ratio, corresponding to 2 million load cycles/repetitions in the S-N curve,
which is generally accepted as the sufficient number of cycles for fatigue strength in
plain concrete, was determined as the average fatigue strength of RCC mixtures. From
Figure 4.35, the average fatigue strength of blended mixture was found as about 58%
of its ultimate static strength, while 200 and 400 kg/m? binder dosage mixtures were
found as about 62% and 65% of its ultimate static strength, respectively. Figure 4.36
shows S-N fatigue curve and equations obtained by combining three different RCC
mixtures from 61 beam specimens (10x15x35 c¢cm?®). When fatigue data of all RCC
mixtures are evaluated together, the average fatigue strength corresponding to 2

million load cycles was approximately 62.5% of the ultimate static strength.
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R2 = 0.802 A A ARRIO—
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Number of load cycles/repetitions to faliure log(N)

Figure 4.36. S-N fatigue curve and equation for all RCC mixtures (total of 61 samples)
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4.3.2. Comparison with Fatigue Curves in Literature

While it would be useful to compare fatigue curves of this study with those found in
the literature for conventional concrete and RCC but, as previously mentioned, fatigue
tests are quite time-consuming, complex, and expensive, so few fatigue curves on
RCC can be found in the literature. The first comparison is with the S-N curve
obtained by CTL (Tayabji & Okamoto, 1987), one of the most comprehensive studies
on this subject whose test procedure details are given in the literature review. The most
Interesting aspect of that study is that four different RCC mixtures were subjected to
fatigue tests on beam samples taken from the field after being compacted with a 10-
ton vibratory roller in the field. S-N fatigue curves were obtained from fatigue tests
performed on 23 beam samples (15x15x75 cm?®) over approximately seven months.
Comparisons with the fatigue curves developed in this study (61 beam samples) and
CTL (Tayabji & Okamoto, 1987) and ACPA (Roden, 2013) are given in Figure 4.37.
As discussed in the literature review, it should be noted that the fatigue curve presented
by ACPA (Roden, 2013) used fatigue data obtained by Tayabji & Okamoto, (1987).
It can be seen in this figure that the fatigue slope obtained from this study is
significantly lower than the fatigue slope obtained by Tayabji & Okamoto, (1987). If
two fatigue models for a road pavement design are compared, the developed fatigue
model would be more conservative (safer) at loads higher than 68% of the ultimate
strength, the intersection point of the two fatigue models, while for stress ratios below
this value (greater number of loading cycles), the fatigue model developed by Tayabyji

& Okamoto, (1987) is more conservative.

When the fatigue strength of RCC mixtures obtained from both fatigue curves are
examined, for 2 million load cycles the fatigue strengths are approximately 50% and
62% of the ultimate static strengths found by the Tayabji & Okamoto, (1987) fatigue
model and the developed fatigue model, respectively. However, since the study done
by Tayabji & Okamoto, (1987) was performed about 30 years ago, improvements in
both design techniques and test procedures are to have been expected. The extent to

which such improvements changes might affect fatigue behavior could be another
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subject of research. As indicated in literature review, it is known that when fatigue
performance of plain concrete samples produced in the laboratory is compared with
that in the field, superior performance is generally obtained under laboratory
conditions. Most importantly, the study done by Tayabji & Okamoto, (1987) used four
different RCC mixes with binder amounts ranging from 170 to 190 kg/m?3, while in
this study binder amounts varied from 200 to 600 kg/m?. Also, bank run gravel was
used in that study while crushed limestone aggregate was used in this study, a

difference that might possibly affect fatigue behavior significantly.
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0.90 ..
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= R2=10.8137
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© 060  S=0.911-0.047log(N) OUT.E‘?Q A
Rz =0.802 A
\'\!:I
050 (@) O\-.b
0.40
0 1 2 3 4 5 6 7
Number of load cycles/repetitions to faliure log(N)

Figure 4.37. A comparison between the fatigue curve developed in this study and the fatigue curve
obtained by Tayabji & Okamoto, (1987) and ACPA (Roden, 2013)

Figure 4.38 is a comparison of fatigue curves obtained from this study from RCC
fatigue studies with earlier-developed RCC fatigue curves. The slope of this study’s
RCC fatigue curve is seen to lie between the slopes of RCC fatigue curves developed
by Modarres & Hosseini, (2014) and by Sun et al., (1998). While the slope of RCC
fatigue curves developed by Graeff, et al., (2012) is quite high and close to the slope
of fatigue curve obtained by Tayabji & Okamoto, (1987), it should be noted that in
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the current RCC fatigue studies, only a limited number of samples were subjected to
fatigue tests (commonly three samples for each stress ratio except for the Sun, et al.,
(1998) study). Because there is as yet no standard procedure for compaction of beams
in the laboratory and different laboratory compaction methodologies were utilized to

compact beam samples, these effects may also affect the fatigue behavior of RCC
mixtures.
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Figure 4.38. Comparison of developed RCC fatigue curve with current RCC fatigue curves in the
literature (B: binder content (kg/m?; W: water ratio by weight, w/c: water to cement ratio)

When fatigue strengths obtained from current RCC fatigue curves for 2 million load
cycles are compared , the fatigue strength is about 62% of the ultimate static strength
for the fatigue model developed by Sun, et al., (1998), while fatigue strength is about
50% of the ultimate static strength for the fatigue model developed by Graeff, et al.,
(2012). However, no results were obtained from an RCC fatigue curve developed by
Modarres & Hosseini, (2014) because a total of 9 beams were tested and the samples
failed after only about 200,000 load cycles. In that study conducted by Graeff, et al.,

(2012), as explained in detail in the literature, the fatigue behavior of RCC mixtures
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was determined by using a special fatigue test setup in which three beams were placed
atop one another and loads were transferred to the combination, so fatigue tests were

applied on three samples simultaneously.

Since the fatigue curve used by PCA, (1984) in the design of concrete pavements is
also employed in some RCC pavement design guides or software, it is also important
to compare the developed RCC fatigue curves with those obtained for conventional
concrete (PCC). For this purpose, in Figure 4.39 compares conventional concrete
fatigue curves in literature and fatigue curves used in concrete pavement design by
PCA with the RCC fatigue curve from this study.

In particular, the fatigue curve for PCC obtained by Murdock & Kesler, (1958) is quite
similar to the fatigue curve obtained for RCC mixtures in this study, with both curves
yielding the same fatigue strength of 62% for 2 million load cycles. However, when
the PCA, (1984) fatigue curve is examined, it can be seen that it gives more
conservative results for RCC pavement designs. In other words, if a RCC pavement
thickness design decision made according to the PCA fatigue curve, the pavement
thickness will result in thicker pavement thickness than one according to the RCC
fatigue design obtained from this study. However, it should be noted that a probability
of failure parameter is not considered in the RCC curve, and taking into account some
probability of failure, e.g., 95% reliability, this curve will be slightly lower. It can
also be seen that the fatigue strength of the PCA, (1984) curve corresponds to about

50% of its ultimate static strength for 2 million load cycles.
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Figure 4.39. Comparison of RCC fatigue curve with conventional concrete fatigue curves

4.3.3. The Relationship between Fracture Parameters and Fatigue Behavior of
RCC mixtures

Although the fracture parameters of the RCC mixtures were determined during the
second phase of the experimental study, to achieve more accurate correlation with
fatigue test results, it was decided to determine fracture parameters and total fracture
energies for beam samples obtained from the plate prepared for fatigue samples.
RILEM TC 89-FMT (1990) and JCI-S-001-2003 (2003) procedures, described in
detail in the second phase of the experimental study, were utilized to find the fracture
parameters and total fracture energies, but when the specimen sizes in the relevant
standards were taken into account in determining fracture parameters and total fracture
energies in the previous phase, in this phase the fracture tests were carried out on beam
specimens of 10x15x35 cm?, the same size as the fatigue beam specimens. Moreover,
according to the two-parameter fracture model (TPFM), a nonlinear fracture
mechanics approach, it is claimed that fracture parameters are independent of the
sample sizes. In this study, to what extent fracture parameters are affected by the size
effect will also be found.
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As can be seen in Figure 4.40, CMOD-controlled fracture tests on 10x15x35 cm?3
notched beam samples were performed in accordance with relevant procedures. The
notches on beams were cut to 5 cm for the RILEM test and to 3 cm for the JCI test,

again in accordance with relevant procedures.

Figure 4.40. Determination of fracture parameters in the third phase of the experimental study

Figure 4.41 shows the load-CMOD relationships for three-point bending notched
beams obtained for each mixture according to the JCI procedure. To determine total
fracture energy, the first three samples from each mixture were tested using JCI
procedure, but no additional samples were tested because of the low standard
deviation. The load-CMOD relation of three-point bending notched beams obtained
for each RCC mixture according to the RILEM procedure is also shown in Figure
4.42.

Table 4.12 gives average values of fracture parameters (RILEM) and total fracture
energy (JCI) obtained by at least three beam specimens of dimensions 10x15x35 cm®
along with coefficients of variation (CoV) for each mixture. In addition, the average
results obtained from the beam samples of the standard dimensions specified in the
relevant procedures (RILEM and JCI) in the previous phase are given in the same
table. Figure 4.43 compares the fracture parameters of the same mixtures for these two

sample sizes. As can be seen from these graphs, while the change in specimen size
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partially affected the fracture parameters, total fracture energies were very close to
one another. The fact that the two sizes (10x10x35 cm? and 10x15x35 cm?) were close
to one another is thought to affect these results. On the other hand, different specimen
sizes resulted in some serious changes within the fracture parameters, especially in
Kic, and larger Kic was obtained by decreasing the sample size. CTOD¢ in contrast
increased with increasing sample size. It should be noted, however, that these fracture
properties were obtained from mixtures poured at different times, and although
mixtures were prepared and compacted with the same procedure, there are inevitable

differences between concrete mixtures poured at different times.

Table 4.13. Comparison of fracture parameters obtained with fatigue sample sizes (10x15x35 cm®) in
this phase and standard sizes (RILEM 8x15x70 cm?; JCI 10x10x35 cm?) in the previous phase

RILEM TC 89-FMT-1990 JCI-S-001-2003

5 g g B - 5

s, £ £ & &5 ¢ 35
o E£E8_38 » E£__¥%S3 = E_tEE®E&_ S
X z 48 sm 83 ¢85 580 25 “ £380 £ =35
s 2 <o ¥ 58 28¢ 22Zp B8Q s 8235 2 §Ce

£ 3% o7 ST ZEL gSh BT 3893 3T B

< = 2 3 = EET S 2 xET F =

) T = o S S a S 'c <

2) L = = O 2 = > 3 S

O B o £ ) =
kKN GPa mm MPam*2 mm N/m kN mm Nmm N/m
. 367 6517 132 00125 476 84.2
©200.012 N 119 195 [140] [43 [176] [36 °° 07 78 g
274 7126 107 00139 4176 723

§
40° 472 rea 1221 5] el pa 00 072 88 og
) 425 6143 144 00117 491 78.8
400012 5 135 199 771 o6 [136 [ag °4 O 104 g
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8§

40° 373 138 48] [9.9] [00] [i7.2] °>* 078 839 134
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* These tests were carried out on beam samples of the dimensions (RILEM-JCI 10x15x35cm®) specified
in the third phase of the thesis study.

8 These tests were carried out on beam samples of the dimensions specified (RILEM 8x15x70 cm?; JCI
10x10x35 cm?3)in the relevant standard in the second phase of the thesis study.

151



9 JCI Procedure-C200-D12-W5
8 No-1
7 — e No-2
6 -----No-3
Z s - - - Average-C200-12-5
g4
=3
2
1
0
0.00 0.20 0.40 0.60 0.80 1.00
CMOD (mm)
9 JCI Procedure-C400-D12-W5.5
8 No-1
. N S — No-2
6 —— No-3
Z - - —Average-C400-12-5.5
25
T4
=3
2
1
0
0.00 0.20 0.40 0.60 0.80 1.00
CMOD (mm)
JCI Procedure-B600-D12-W8.5
9
] No-1
------- No-2
7 —-—No-3
6 - - - Average-B600-12-8.5
=25
B4
=]
=3
2
1
0 -
0.00 0.20 0.40 0.60 0.80 1.00
CMOD (mm)

Figure 4.41. Load-CMOD graphs obtained by three-point bending beam specimens with the
dimension of 10x15x35 cm? for each mixture according to the JCI procedure (JCI-S-001 2003).
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Figure 4.42. Load-CMOD graphs obtained by three-point bending beam specimens with dimension
of 10x15x35 cm? for each mixture according to the RILEM procedure (RILEM TC-89 FMT 1990)
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Relationships between the fracture parameters and the slopes of the fatigue curves of
the mixtures were investigated to permit easier estimation of RCCs fatigue strength.
As can be seen in Table 4.12, slopes of slopes of S-N curves for each 200, 400, and
600 kg/m? binder dosage RCC mixture were found to be 0.0503, 0.0431, and 0.0436,

respectively.

For each mixture, the relationships between fracture parameters (Kic and CTOD) and
the slopes of fatigue curves are given in Figure 4.44. As can be seen from the graphs,
there is a relationship between nonlinear two parameter fracture model (TPFM)
parameters: critical stress intensity factor (Ki) and critical crack tip opening
displacement (CTOD¢) and slopes of RCC fatigue curves. However, the linear
relationship between the slope of fatigue curves and other fracture parameters, the
initial critical crack length (ac) and total refractive energies, (Gr and Gr) is at low.

The following equations are proposed for predicting the slopes of S-N fatigue curves
(Sr) from the critical stress intensity factor (Kic) and the critical crack-tip opening
displacement (CTODc), but while further studies are needed for them to be verified, it
should be noted that it takes at least two to three months for a concrete mixture to

achieve a dependable fatigue curve slope.

SF=-0.0602 K¢ + 0.129 R?=0.90

Sr=-6.439 CTOD,  0.0439 R2=0.73 (4.9)
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4.3.4. The Effects of Binder Content on RCC Fatigue Behavior

As found in phase | of this study, since the compaction ratio is a unique property for
RCC mixtures, its effect on fatigue behavior is much sought for. For further analysis,
the densities of beam specimens subjected to fatigue test were measured using width,
length, depth and weight data before testing, and the compaction ratio of each
specimen was calculated by dividing the hardened densities to the maximum
theoretical air-free density of each corresponding mixture. Bivariate correlations
(Pearson’s correlation coefficient), Regression Analysis, and ANOVA (Analysis of
variance) tests were performed using IBM SPSS 22.0 (IBM Corp, 2013) software to
investigate the relationship between the number of load cycles to failure (N) and stress
ratios (S) and mixture design parameters such as compaction ratios (CR), binder
amount (B) and water-to-binder ratio (W/B) for each RCC specimen data. Results of

Pearson’s correlation coefficients for each RCC mixture are presented in Table 4.14.

Table 4.14. Results of Pearson’s correlation coefficient for RCC mixture.

N S CR B w/B
Pearson Correlation 1 -0.896™ 0.475"  0.067 -0.048
Sig. (2-tailed) 0.000 0.000 0610  0.716
n 61 61 61 61 61

** Correlation is significant at the 0.01 level (2-tailed).

As can be seen in Table 4.14, the number of load cycles to failure (N) (up to 2 million
cycles) yielded the maximum linear correlation with the stress ratios (S). As expected,
this is a negative relationship, and increasing the number of fatigue stresses/loads
reduces the number of load cycles/repetitions before failure. In Table 4.14, the second
statistically-significant correlation (sig<0.001) is seen as a positive relationship
between the number of load cycles to failure and the compaction ratios of the beam

specimens. In other words, a high compaction ratio suggests that the RCC specimen
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can withstand more load cycles under the same stress/load. On the other hand, no
correlation is seen between the binder amount and the water/binder ratio for the

number of load cycles.

After the correlation procedure to study the strength of relationships between the
variables before fitting a model was completed, linear regression analysis was used to
model the value of a dependent scale variable (number of load cycles to failure-N)
based on its linear relationship to predictors (stress ratio-S; compaction ratio-CR,;
binder ratio-B; water to binder ratio-W/B). ANOVA analysis was also performed to
check regression model fit, and the results of the linear regression analysis and an
ANOVA table for the model are summarized in Table 4.15. As seen in the model
summary, Adj. R? = 85% represents the predictive power of the model. The regression
model is statistically significant since the significance level (p value) is less than 0.05
in the ANOVA table. In other words, this ANOVA table indicates that using the model
is better than guessing the mean. Statistically significant contribution to the model
came from the stress ratio (sig. <0.001) followed by binder amount (sig. <0.01),
compaction ratio (sig. <0.01) and water-to-binder ratio (sig. <0.05).

As a result of the regression analysis, the fatigue life equation for estimating the
number of load cycles/repetitions to failure (N) for RCC mixtures can be obtained as
follows.

Log(N) = 4.826-17.136 (S)+15.597 (CR)-10.828 (B) -3.908 (W/B)
Adj. R?=0.85
The fatigue life model developed by considering binder dosage, compaction ratio and

(4.10)

water/binder ratio, critical parameters for RCC mixtures, is more realistic and novel
than other RCC fatigue life estimation models found in the literature that contain only

stress ratios.
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Table 4.15. Results of the linear regression analysis and ANOVA table

Model Summary

Adjusted R Std. Error of the

Model R R Square Square Estimate
1 .928" .862 .850 .71056
ANOVA*
Sum of Mean

Model Squares df Square F Sig.

1 Regression 154.195 4 38549 76350  .000"
Residual 24.740 56 .505
Total 178.934 60

Coefficients?
Unstandardized Standardized

Coefficients Coefficients
Std.

Model B Error Beta t Sig.

1 (Constant) 4.826 6.253 0.772 444
S -17.136 1.194 -.872 14.356 .000
CR 15.597 5.746 187 2.714 .009
B -10.828 3.157 -.449 -3.430 .001
W/B -3.908 1.763 -.295 -2.217 .031

*Dependent Variable: N (logarithmic scale)
**Predictors: (Constant), B, W/B, S, CR

4.3.5. Discussion

In the second phase of the experimental study, mechanical performance and fracture
properties of seven different RCC mixtures produced with DDVHR, that can simulate
field compaction conditions in the laboratory, were investigated. In this phase, the last
part of the experimental study, three mixtures of different strength levels were selected
from seven RCC mixtures whose mechanical performance and fracture properties
were determined, and their 28-day fatigue performances were examined. The
relationship between fatigue behavior of RCC mixtures and its fracture parameters as
well as its mixture design were explored with the goal of improving accuracy in
estimating fatigue strength of the RCC mixtures with fracture parameters derived from

relatively easier and shorter processes rather than costly and lengthy processes
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involved in fatigue tests. In the preparation, placing, and compacting of the selected
RCC mixtures (C200-12, C400-D12, B600-D12), previously-determined procedures
were followed and each mixture laid on a steel plate of 85x200x15 cm? was first pre-
compacted using a VPC, after which a DDVHR was used for full-size compaction to
simulate field compaction conditions in the laboratory. However, unlike in the
previous phase, a very thin cement grout layer was applied to the plate surface to
prevent small-sized undulations that could result in a negative effect caused by load
heads not being balanced. Beam specimen sizes of 10x15x35 cm?® were cut and
removed from the plates of each RCC mixture to be used in fatigue tests. Four
specimens from each mixture were subjected to four-point static flexural tests (ASTM
C78) to determine maximum and minimum fatigue loads for each stress level. A four-
point flexural fatigue test was carried out with load control provided by a servo-
hydraulic (MTS Landmark 250 kN) test machine. Fatigue loads calculated for each
stress ratio (55%, 62.5%, 70%, 77.5%, and 85%) were applied to the specimens at a
loading frequency of 10 Hz (10 cycles per 1 second) and this test continued until either
the specimen failed or reached 2 million load cycles/repetitions. Similarly, the
minimum fatigue load was calculated by converting the load to 20% of the ultimate
flexural strength. The S-N approach used in all conventional concrete studies in the
literature was also used to analyze fatigue behavior of RCC mixtures. S-N fatigue
curves for each mixture were obtained by fatigue tests performed on a total of 61 RCC

beam specimens.

Although the fracture parameters of the RCC mixtures were determined during the
second phase of the experimental study, to make more accurate correlations with the
fatigue test results, fracture parameters and total fracture energies on the beam
specimens obtained from the plate prepared for fatigue specimens were determined
once again, and at least three specimens from each mixture were used to find fracture

parameters in accordance with the new specimen size (10x15x35 cmd).

For the three different RCC mixtures, the results from the 28-day four-point flexural

fatigue tests, JCI, and RILEM fracture tests performed during this phase, and the
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relationships between fatigue behavior and its fracture parameters as well mixture

design are summarized below.

The ultimate static flexural strengths (MR) of 200, 400 and 600 kg/m? binder
dosage RCC mixtures were obtained as averages of 4.00 MPa, 5.06 MPa and

5.16 MPa, respectively.

Since 2 million load cycles/repetitions is reported in the literature as a
sufficient number of cycles for determination of fatigue strength in studies
investigating fatigue behavior on concrete, it follows that fatigue strength for
RCC mixtures with binder dosages of 200 kg/m? and 400 kg/m? correspond to
about 62 and 65% of their ultimate static flexural strengths. In the last RCC
mixture that had a binder dosage of 600 kg/m?, fatigue strength was found as
58% of the ultimate static flexural strength. The average fatigue strength of

RCC mixtures was about 62.5% of the ultimate static strength.

Since studies in the literature indicate that fatigue strength for conventional
concrete generally corresponds to 50-55% of ultimate static flexural strengths,
it can be stated that RCC mixtures have better fatigue strength than that of

conventional concrete.

The S-N fatigue curve for a single RCC mixture was obtained by considering
fatigue data from a total of 61 beams of all RCC mixtures taken together. When
the result is compared to other RRC fatigue curves reported in the literature, it
can be seen hat the slope of fatigue curves obtained from this study is generally

lower than that slope of fatigue curves obtained from other studies.

Especially in comparison with the fatigue curve obtained by Tayabji &
Okamoto, (1987), one of the most comprehensive studies on RCC fatigue
found behavior in the literature, the fatigue model developed in this study is
more conservative (safer) at loads higher than 68% of the ultimate strength,

the intersection point of the two fatigue models, while the fatigue model

161



developed by Tayabji & Okamoto, (1987) is more conservative below this
value (or higher cycle loading). When fatigue strengths corresponding to 2
million load cycles for both fatigue models are compared, Tayabji & Okamoto,
(1987) describe fatigue strength of RCC as about 50% of the ultimate static
strength, while fatigue strength of RCC in this model is about 62% of the
ultimate static flexural strength. In other words, the RCCs obtained from this
study reflected better fatigue performance than the RCCs conducted by
Tayabji & Okamoto, (1987). However, since the study done by Tayabji and
Okamoto (1987) was used lower binder amounts and different aggregate

gradations with river gravels, it is to be expected that different behaviors.

When fatigue curves obtained from current RCC fatigue studies are compared
with RCC fatigue curves from this study, the slope of developed RCC fatigue
curve lies between the slope of RCC fatigue curves developed by Modarres &
Hosseini, (2014) and that of the Sun et al., (1998) study. However, it should
be noted that in the current RCC fatigue studies, a limited number of samples
were subjected to fatigue tests (commonly three samples for each stress ratio
except for Sun et al., (1988)) and different compaction methodologies were
used to produce beam samples in laboratory because of lack of a standard
procedure for compaction of beams in the laboratory, so differences in fatigue
behavior would be expected. When the fatigue strengths obtained from current
RCC fatigue curves for 2 million load cycles are compared, the fatigue strength
is about 62% of the ultimate static strength for the fatigue model developed by
Sun et al., (1988), while fatigue strength is about 50% of the ultimate static
strength for the fatigue model developed by Graeff, et al., (2012).

Fatigue curves obtained from conventional concrete both in in the literature
and those used in concrete pavement design by PCA were also compared with
the RCC fatigue curve obtained from this study. In particular, the fatigue curve
for PCC obtained by Murdock & Kesler, (1958) is quite similar to the fatigue

curve obtained for RCC mixtures in this study. While both curves yielded the

162



same fatigue strength of 62% for 2 million load cycles, when the PCA, (1984)
fatigue curve is examined, it can be seen that it produces more conservative
results for RCC pavement designs. In other words, if the RCC pavement
thickness is chosen according to the PCA fatigue curve, the pavement
thickness will be thicker than that corresponding to the RCC fatigue design
obtained from this study. It should not be forgotten, however, that the
probability of failure parameter was not considered in the RCC curve, and
taking into account the probability of failure, e.g., for 95% reliability, this
curve will be slightly lower. Furthermore, it can be seen that the fatigue
strength corresponding to the PCA, (1984) curve is about 50% of its ultimate

static strength for 2 million load cycles.

When the results from fracture tests performed on beam specimens obtained
from the mixtures in this phase in accordance with JCI-S-001-2003 (2003) and
RILEM TC 89-FMT (1990) procedures were examined, it could be observed
that the results differed from the values obtained for the same mixtures in the
previous phase. This occurred because the specimen sizes related to JCI-S-
001-2003 (2003) and RILEM TC 89-FMT (1990) procedures in the previous
phase were 10x10x35 cm? and 8x15x70 cm?, respectively, while in this phase,
beam specimens for fatigue testing of size 10x15x35 cm?® were used in both
JCl and RILEM procedures, and this change in specimen size partially affected
the fracture parameters, although total fracture energies were very close to one
another. While the fact that the two dimensions (10x10x35 cm?® and 10x15x35
cm?®) are in pretty close agreement is thought to affect these results, different
specimen sizes resulted in some serious changes, especially in the K¢ within
the fracture parameters, with a larger Kic obtained by decreasing the sample
size. By contrast, CTOD. increased with increasing sample size.

The fatigue curve slope for each RCC mixture was compared with fracture
parameters obtained both in this phase and the previous phase to facilitate the

fatigue-strength estimation process. After the correlation, it was realized that
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there is a strong relationship between two TPFM parameters: critical stress
intensity factor (Kic) and critical crack tip opening displacement (CTOD¢), and
the slope of the RCC fatigue curves. Even though the coefficient of
determination in the regression seems high, further studies are needed to verify
this result.

Pearson’s correlation coefficient was utilized to statistically analyze bivariate
linear correlations between number of load cycles to failure (N) and stress ratio
(S) as well as mixture design parameters such as compaction ratio (CR), binder
amount (B), and water-to-binder ratio (W/B) for each RCC specimen data. As
expected, the number of load cycles to failure achieved the maximum linear
correlation with the stress ratios, a negative relationship, and increasing the
number of fatigue stresses/loads reduces the number of load cycles/repetitions
to failure. A second significant correlation was found in the positive
relationship between the number of load cycles to failure and the compaction
ratio of the beam specimens. A linear regression model was also developed
using RCC specimen data to predict the number of load cycles to failure based
on stress ratio, compaction ratio, binder amount, and water-to-binder ratio, and

it was proven to be significant by the ANOVA analysis (p<0.001).

Therefore, developed fatigue life model by considering the binder amount,
compaction ratio and water/binder ratio, which is critical parameters for RCC
mixtures, it has been more realistic and novel than the other RCC fatigue life

estimation models in the literature which contains only stress ratios.

In conclusion, it is thought that this new RCC fatigue model, by exhibiting similar

behavior with respect to fatigue curve slope of conventional concrete to RCC fatigue

models in the literature, but much higher fatigue strength than traditional concrete,

could with further development be used as a more innovative model in road pavement

designs. Remarkable evidence was also found that predicting fatigue performances of

RCC mixtures, a time-consuming and complicated process, can be accomplished in
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relatively shorter time and more easily than with fracture parameters. It was also
realized that compaction ratio, one of the critical parameters for RCC mixtures, had a
significant effect on fatigue behavior of RCC mixtures and it is included in the
regression models for RCC fatigue behavior developed in this study. It would be
useful to verify all these suggestions by through future.
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CHAPTER 5

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

RCC technology offers great advantages, especially in road applications, in providing
rapid and economic solutions. The main advantage of RCC is its capacity for being
compacted using the same equipment used for traditional flexible asphalt pavement.
Because of its advantages, its use on pavements have been accelerated in the 21"
century not only in Turkey, but also in USA and elsewhere in the world. However, a
fully efficient laboratory compaction methodologies that can simulate actual field
compaction procedures has not been developed. In addition, the key parameter for a
successful RCC pavement application is the choice of correct thickness, which largely
depends on mechanical, fracture and fatigue properties of RCC mixtures. However,
there is inadequate number of related data since it is not easy to determine these
properties under laboratory conditions. This comprehensive three-phase experimental
study attempts to address the lack of information found on the subject in academic

literature and guide contractors using RCC pavement applications in Turkey.

This thesis describes the preparation of RCC mixtures of different strength classes
using compaction methodology that can simulate field compaction conditions in the
laboratory, and determine mechanical performance, fracture properties and fatigue
behavior of the designed RCC mixtures. In addition, effects of mixture design
parameters on these properties of RCC and the relationships between fatigue
performance of RCC mixtures and their fracture parameters were also investigated.
The first phase of this comprehensive experimental program addressed the process of
determination of optimum RCC mix design considering density, strength, and
workability (compactability) parameters, as well as development of a proposed
DDVHR compaction methodology for simulating field compaction conditions based

on these parameters. Since different mixture designs and compaction methods applied
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during the preparation of RCC specimens can be found in the literature studies, it is
highly significant to determine appropriate mixture design parameters and laboratory
compaction methodology for the preparation of RCC specimens, and no fully efficient
laboratory method has been found to represent the compaction procedures applied in
the field. To this end, RCC mixtures were prepared with different cement dosages,
aggregate sizes, and water ratios, which are the three main factors affecting the
concrete matrix. A total of twenty RCC mixtures were compacted by four different
laboratory compaction methods: modified proctor, vibrating hammer, vibrating table,
and SGC, followed by producing 150 mm diameter cylindrical specimens by applying
these compaction methods to each mixture. Following the tests carried out on the RCC
specimens, optimum RCC mixture-design parameters based on density, strength, and
compactability were identified for use in the subsequent phases of the study. A
compaction methodology using a DDVHR was also implemented to represent field
compaction procedures in the laboratory. During the second phase of the experimental
study, taking the optimum RCC mixture-design parameters as a reference, RCC roads
(plates) of different strength classes were poured and compacted using DDVHR
compaction methodology, after which cylindrical cores and beam specimens were
taken from the plates and mechanical and fracture-related properties (RILEM and JCI
procedures) of the mixtures were determined. During the final phase of the study,
flexural fatigue performance for three RCC mixtures of different strength classes was
determined and expressed as S-N curves, and relationships between its fracture

parameters and its mixture design parameters were examined.
Based on the experimental results, the following conclusions can be drawn:

e Laboratory compaction methods have a profound effect on the physical and
mechanical properties of RCC mixtures. In addition, compaction ratio, which
is one of the most important parameters defining RCC properties, is highly
affected by not only compaction methods but also mixture parameters such as

binder amount and water content.
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Ideal RCCs can be achieved from mixtures with water amounts of 5-6% and
the compaction ratios higher than 96% and can be produced using DDVHR
compaction methodology under laboratory conditions with vebe time of about

30 sec.

The RCC mixtures reached about 65% of their 28 day-compressive strength
after 2 days and about 80% after 7 days, and these levels would be sufficient
to carry light traffic even with at lowest cement dosage (> 15 MPa) (Harrington
et al. 2010). This is an essential point differentiating RCC from traditional

concrete in pavement application.

Kic, which is a measure of the resistance to crack propagation in materials, was
found higher than 1.0 MPa.m2 even in the lowest dosage mixture which is the
typical value of conventional concrete pavements and enhanced with
increasing in binder dosage. Similarly, an increase in maximum aggregate size
led to an increase in Kic in all RCC mixtures, with the amount of growth
varying between 11% and 15% depending on the binding content.
Furthermore, the K¢ increased linearly with increase in compressive strength

for all RCC mixtures.

An increase in the maximum aggregate size led to increase in CTOD. and the
CTOD. tended to decrease with an increase in compressive strength. Contrary
to expectations, neither an increase in binder dosage nor maximum aggregate
size led to a significant change in fracture energy and toughness. The 600
kg/m?® binding mixture specially developed for obtaining a high strength RCC
appeared to have the lowest fracture energy. A comparison between the
RILEM fracture parameters and the characteristic length revealed that the
latter is inversely proportional to K¢ but directly proportional to CTOD,, i.e.,
the mixture with a larger Kic exhibits more brittle behavior, and the one with a

smaller CTOD. would similarly be expected to exhibit more brittle behavior.
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The effect of the compaction ratio on fracture parameters was quite significant
as in the compressive and flexural strengths, but fracture properties were
highly affected by size effect such as notch depth, notch width or specimens
height and width.

The four-point flexural fatigue tests were performed for three RCC mixtures
of different strength classes on a total of 61 beam specimens with dimensions
10x15x35 cm? cut from the RCC roads (plates) produced by DDVHR, and the
average fatigue strength of the RCC mixtures, corresponding to 2 million load

cycles, was found to be about 62.5% of the ultimate static strength.

The fatigue curve slope for each RCC mixture was compared with fracture
parameters obtained both in this phase and the previous phase to facilitate the
fatigue-strength estimation process. After the correlation, it was realized that
there is a strong relationship between two TPFM parameters: K;c and CTOD,
and the slope of the RCC fatigue curves. Even though the coefficient of
determination in the regression seems high, further studies are needed to verify
this result.

According to the Pearson’s correlation coefficient analysis performed on a
total of 61 beam specimens, a statistically significant (sig<0.001) positive
correlation between the number of load cycles to failure and the compaction
ratios of the beam specimens was observed. In other words, since a high
compaction ratio suggests that an RCC specimen can withstand more load

cycles under the same stress/load,

The developed fatigue life model, by considering the binder amount,
compaction ratio, water to binding ratio, which are the one of the most critical
parameters for RCC mixtures, provides a more realistic and novel solution than
other RCC fatigue life estimation models found in the literature that consider

only stress ratios.
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In particular, its determination of the number of load cycles corresponding to a stress
ratio (S-N fatigue curve) over a total of 61 beam specimens obtained by cutting from
the RCC roads (plates) produced by DDVHR to simulate field compaction conditions
is a valuable contribution to the literature based on the known fact that S-N fatigue
curve studies required for RCC pavement design have been extremely limited because
fatigue tests represent highly complex, costly, and time-consuming processes. In
practice, the S-N curves obtained about thirty years ago or produced for conventional
concrete roads are still utilized both in guidelines and RCC pavement design software,
and the use of relatively few specimens in producing those fatigue curves because of
cost and time penalties further highlights the potential impact of this study on the

academic literature.

However, to integrate the fatigue data obtained from this study into RCC pavement
design software in the USA and/or to create RCC pavement design guides or software
for use in Turkey requires further and more advanced development of this study’s
methodology. The scope and other constrains to this study prevented entering into full
RCC pavement design, but future studies could significantly advance the study’s S-N
curve approach by formulating a RCC pavement design fatigue curve and making
improvements with respect to design parameters such as reliability and failure
probability. The allowable pavement stress consistent with ultimate static strength of
material could be related to the number of wheel load applications over a selected
design period, using a S-N design fatigue curve through which a design thickness for
RCC pavement could be calculated with respect to allowable pavement stress, taking
into account both subgrade/subbase strength and environmental factors. This could
make possible development of a special RCC pavement design guide with related

software for our country.

Finally, as compaction ratio was determined to be the most influential parameter on
the compressive and flexural strength, fracture and fatigue properties of RCC, effect
of aggregate gradation on the compaction properties as well as fracture parameters can

be investigated.

171






REFERENCES

Abrams, D. A. (1918). Design of concrete mixtures. Bulletin, 1, 1-22.

ACI (American Concrete Institute). (1992). Considerations for Design of Concrete
Structures Subjected to Fatigue Loading (ACI 215R-92). Farmington Hills, MI:
American Concrete Institute.

ACI (American Concrete Institute). (2015). Guide to roller-compacted concrete
pavements (ACI 327R-14). Farmington Hills, MI: American Concrete Institute.

ACI (American Concrete Institute). (1995). Report on roller-compacted mass
concrete (ACI 207.5R-99). Farmington Hills, MI: American Concrete Institute.

ACPA (American Concrete Pavement Association). (2014). Roller-Compacted
Concrete Guide Specificaiton. Retrieved from http://www.acpa.org/wp-
content/uploads/2014/11/ACPA-Roller-Compacted-Concrete-Guide-
Specification-Version-1.2.pdf

Agar, E., & Tasdemir, Y. (2007). Silindirle Sikistirilabilen Beton Yollar. Turkiye
Hazir Beton Birligi. Retrieved from http://www. thbb. org/article. aspx.

Aghaeipour, A., & Madhkhan, M. (2017). Effect of ground granulated blast furnace
slag (GGBFS) on RCCP durability. Construction and Building Materials, 141,
533-541.

Akcay, B., Agar-Ozbek, A. S., Bayramov, F., Atahan, H. N., Sengul, C., & Tasdemir,
M. A. (2012). Interpretation of aggregate volume fraction effects on fracture
behavior of concrete. Construction and Building Materials, 28(1), 437-443.

Akkaya, Y., Bayramov, F., & Tasdemir, M. A. (2003). Betonun Kirilma Mekanigi
Tasarimda Kullanilan Mekanik Ozelikler Ile Kirllma Parametreleri Arasindaki
Bagintilar, Tiirkiye Miihendislik Haberleri. Tlrkiye Muhendislik Haberleri,
426(4), 70-75.

173


http://www.acpa.org/wp-content/uploads/2014/11/ACPA-Roller-Compacted-Concrete-Guide-Specification-Version-1.2.pdf
http://www.acpa.org/wp-content/uploads/2014/11/ACPA-Roller-Compacted-Concrete-Guide-Specification-Version-1.2.pdf
http://www.acpa.org/wp-content/uploads/2014/11/ACPA-Roller-Compacted-Concrete-Guide-Specification-Version-1.2.pdf

Amer, N., Delatte, N., & Storey, C. (2003). Using gyratory compaction to investigate
density and mechanical properties of roller-compacted concrete. Transportation
Research Record: Journal of the Transportation Research Board, (1834), 77-84.

Amer, N., Storey, C., & Delatte, N. (2004). Roller-compacted concrete mix design
procedure with gyratory compactor. Transportation Research Record: Journal
of the Transportation Research Board, (1893), 46-52.

Anderson, T. L. (2017). Fracture mechanics: fundamentals and applications. CRC
press.

Antrim, J. D. (1967). The mechanism of fatigue in cement paste and plain concrete.
Highway Research Record, (210), 95-107.

ASTM C1170. (2014). Standard Test Method for Determining Consistency and
Density of Roller-Compacted Concrete Using a Vibrating Table. West
Conshohocken, PA.

ASTM C1176. (2013). Standard Practice for Making Roller-Compacted Concrete in
Cylinder Molds Using a Vibrating Table. West Conshohocken.

ASTM C125-19. (2019). Standard Terminology Relating to Concrete and Concrete
Aggregates. West Conshohocken, PA.

ASTM C127-15. (2015). Standard Test Method for Relative Density (Specific Gravity)
and Absorption of Coarse Aggregate. West Conshohocken, PA.

ASTM C128-15. (2015). Standard Test Method for Relative Density (Specific Gravity)
and Absorption of Fine Aggregate. West Conshohocken, PA.

ASTM C1352M-15. (2015). Standard Test Method for Flexural Modulus of Elasticity
of Dimension Stone. West Conshohocken, PA.

ASTM C136M-14. (2014). Standard Test Method for Sieve Analysis of Fine and

174



Coarse Aggregates. West Conshohocken, PA.

ASTM C1435. (2014). Standard Practice for Molding Roller-Compacted Concrete in
Cylinder Molds Using a Vibrating Hammer. West Conshohocken. P.A.

ASTM C1800. (2016). Standard Test Method for Determining Density of Roller-
Compacted Concrete Specimens Using the Gyratory Compactor. West
Conshohocken, PA.

ASTM C33M-18. (2018). Standard Specification for Concrete Aggregates. West
Conshohocken, PA.

ASTM C39 / C39M-18. (2018). Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens. West Conshohocken, PA.

ASTM C496/ C496M-17. (2017). Standard Test Method for Splitting Tensile Strength
of Cylindrical Concrete Specimens. West Conshohocken, PA.

ASTM C618-19. (2019). Standard Specification for Coal Fly Ash and Raw or
Calcined Natural Pozzolan for Use in Concrete. West Conshohocken.

ASTM C642-13. (2013). Standard Test Method for Density, Absorption, and Voids in
Hardened Concrete. West Conshohocken, PA.

ASTM C78 /C78M-18. (2018). Standard Test Method for Flexural Strength of
Concrete (Using Simple Beam with Third-Point Loading). West Conshohocken.

ASTM D1557-12el. (2012). Standard Test Methods for Laboratory Compaction
Characteristics of Soil Using Modified Effort (56,000 ft-Ibf/ft3 (2,700 kN-m/m3)).
West Conshohocken, PA.

ASTM D7313-13. (2013). Standard Test Method for Determining Fracture Energy of
Asphalt-Aggregate Mixtures Using the Disk-Shaped Compact Tension

175



Geometry. West Conshohocken, PA.

ASTM WK33682. (n.d.). Testing of Roller-Compacted Concrete Specimens to Be
Covered in Proposed New ASTM Standard | www.astm.org. Retrieved May 25,
2018, from https://www.astm.org/newsroom/testing-roller-compacted-concrete-
specimens-be-covered-proposed-new-astm-standard

ASTM WAKH59339. (2017). New Test Method for Laboratory Compaction
Characteristics of Roller-Compacted Concrete Using Modified Effort (56,000 ft-
Ibf/ft3 (2,700 kN-m/m3)). West Conshohocken, PA.

Ballinger, C. A. (1971). Cumulative fatigue damage characteristics of plain concrete.
Highway Research Record, (370), 48-60.

Barenblatt, G. I. (1962). The mathematical theory of equilibrium cracks in brittle
fracture. Advances in applied mechanics, 7, 55-129.

Basquin, O. H. (1910). The exponential law of endurance tests. In Proc Am Soc Test
Mater, 10, 625-630.

Bauschinger, J. (1886). On the change of the elastic limit and the strength of iron and
steel, by drawing out, by heating and cooling, and by repetition of loading
(summary). Minutes of Proceedings of the Institution of Civil Engineers with
Other Selected and Abstracted Papers, 87, 463.

Bazant, Z. P. (2014). Fracture Mechanics of Concrete Structures: Proceedings of the
First International Conference on Fracture Mechanics of Concrete Structures
(FraMCoS1), held at Beaver Run Resort, Breckenridge, Colorado, USA, 1-5
June 1992. CRC Press.

Bazant, Z. P. (1984). Size effect in blunt fracture: concrete, rock, metal. Journal of
Engineering Mechanics, 110(4), 518-535.

Bazant, Z. P., & Oh, B. H. (1983). Crack band theory for fracture of concrete.

176


https://www.astm.org/newsroom/testing-roller-compacted-concrete-specimens-be-covered-proposed-new-astm-standard
https://www.astm.org/newsroom/testing-roller-compacted-concrete-specimens-be-covered-proposed-new-astm-standard

Matériaux et Construction, 16(3), 155-177.

Bazant, Z. P., & Sun, H.-H. (1987). Size effect in diagonal shear failure: influence of
aggregate size and stirrups. ACl Materials Journal, 84(4), 259-272.

Bordelon, A., Roesler, J., & Hiller, J. (2009). Mechanistic-Empirical Design Concepts
for Jointed Plain Concrete Pavements in Illinois. lllinois, USA.

Browne, M. J. (2006). Feasability of using a gyratory compactor to determine
compaction characteristics of soil. Montana State University-Bozeman, College
of Engineering.

Carpinteri, A. (1982). Application of fracture mechanics to concrete structures.
Journal of the Structural Division, 108(4), 833-848.

CEB Bultenin N0.189. (1988). Fatigue of Concrete Structures - State of the Art
Report. Belgium.

Cerni, G., & Camilli, S. (2011). Comparative analysis of gyratory and Proctor
compaction processes of unbound granular materials. Road Materials and
Pavement Design, 12(2), 397-421.

Chhorn, C., Hong, S. J., & Lee, S.-W. (2017). A study on performance of roller-
compacted concrete for pavement. Construction and Building Materials, 153,
535-543.

Chhorn, C., & Lee, S. W. (2016a). Consistency control of roller-compacted concrete
for pavement. KSCE Journal of Civil Engineering, 21(5), 1757-1763.

Chhorn, C., & Lee, S. W. (2016b). Influencing compressive strength of roller-
compacted concrete. Proceedings of the Institution of Civil Engineers-
Construction Materials, 171(1), 3-10.

177



Choi, Y.-K., & Groom, J. L. (2001). RCC Mix Design-Soils Approach. Journal of
Materials in Civil Engineering, 13(1), 71-76.

Clemmer, H. F. (1922). Fatigue of concrete. Proc. Amer. Soc. Test. Mater, 22, 402—
4109.

Coffin Jr, L. F. (1954). A study of the effects of cyclic thermal stresses on a ductile
metal. Transactions of the American Society of Mechanical Engineers, New York,
76, 931-950.

Collins, R., Watson, D., Johnson, A., & Wu, Y. (1997). Effect of aggregate
degradation on specimens compacted by superpave gyratory compactor.
Transportation Research Record: Journal of the Transportation Research
Board, (1590), 1-9.

Cook, D. J., & Crookham, G. D. (1978). Fracture toughness measurements of polymer
concretes. Magazine of Concrete Research, 30(105), 205-214.

Crepps, R. B. (1923). Fatigue of mortar. Proc. Amer. Soc. Test. Mater, 23, 329-340.

Dugdale, D. S. (1960). Yielding of steel sheets containing slits. Journal of the
Mechanics and Physics of Solids, 8(2), 100-104.

Ferrebee, E., Brand, A., Kachwalla, A., Roesler, J., Gancarz, D., & Pforr, J. (2014).
Fracture properties of roller-compacted concrete with virgin and recycled
aggregates. Transportation Research Record: Journal of the Transportation
Research Board, (2441), 128-134.

Filho, J. M., Paulon, V. A., Monteiro, P. J. ., Andrade, P. de, & Dal Molin, D. (2008).
Development of Laboratory Device to Simulate Roller-Compacted Concrete
Placement. ACI Materials Journal, 105(2), 125-130.

Glucklich, J. (1963). Fracture of plain concrete. Journal of the Engineering Mechanics
Division, 89(6), 127-138.

178



Glucklich, J. (1965). Static and fatigue fractures of portland cement mortar in flexure.
Transportation Research Board, 90(2), 1343-1382.

Graeff, A. G., Pilakoutas, K., Neocleous, K., & Peres, M. V. N. N. (2012). Fatigue
resistance and cracking mechanism of concrete pavements reinforced with
recycled steel fibres recovered from post-consumer tyres. Engineering
Structures, 45, 385-395.

Griffith, A. A., & Eng, M. (1921). V1. The phenomena of rupture and flow in solids.
Phil. Trans. R. Soc. Lond. A, 221(582-593), 163-198.

Guo, L.-P., Carpinteri, A., Spagnoli, A., & Sun, W. (2010). Experimental and
numerical investigations on fatigue damage propagation and life prediction of
high-performance concrete containing reactive mineral admixtures. International
Journal of Fatigue, 32(2), 227-237.

Harrington, D., Abdo, F., Adaska, W., Hazaree, C. V, Ceylan, H., & Bektas, F. (2010).
Guide for roller-compacted concrete pavements. Concrete Pavement Technology
Center, lowa, USA.

Hatt, W. K. (1925). Fatigue of concrete. Highway Research Board Proceedings, 4,
47-60.

Hazaree, C., Ceylan, H., & Wang, K. (2011). Influences of mixture composition on
properties and freeze-thaw resistance of RCC. Construction and Building
Materials, 25(1), 313-3109.

Hillerborg, A. (1985). The theoretical basis of a method to determine the fracture
energyG F of concrete. Materials and Structures, 18(4), 291-296.

Hillerborg, Arne, Modéer, M., & Petersson, P.-E. (1976). Analysis of crack formation
and crack growth in concrete by means of fracture mechanics and finite elements.
Cement and Concrete Research, 6(6), 773-781.

179



IBM Corp, N. (2013). IBM SPSS statistics for windows. Version 22.0.

Inglis, C. E. (1913). Stresses in a plate due to the presence of cracks and sharp corners.
Transactions of the Institute of Naval Architects, 55(219-241), 193-198.

Irwin, G. R. (1957). Analysis of stresses and strains near the end of a crack traversing
a plate. J. Appl. Mech. Transactions of the ASME, 24, 351-369.

Japan Concrete Institute Standard (JCI-S-001-2003). (2003). Method of test for
fracture energy of concrete by use of notched beam. Retrieved Sep 27, 2019,
from http://www.jci-net.or.jp/j/jci/study/jci_standard/JCI-S-001-2003-e.pdf

Jenq, Y., & Shah, S. P. (1985). Two parameter fracture model for concrete. Journal
of Engineering Mechanics, 111(10), 1227-1241.

Jimenez Pique, E. R. A. (2002). Fracture process zone of quasi-brittle materials : a
model material approach. (PhD Thesis). Technische Universiteit Eindhoven.

Kaplan, M. F. (1961). Crack propagation and the fracture of concrete. Journal
Proceedings, 58(11), 591-610.

Kesler, Clyde E. (1953). Effect of speed of testing on flexural fatigue strength of plain
concrete. In Highway Research Board Proceedings, 32, 251-258.

Kesler, C. E., Naus, D. J., & Lott, J. L. (1972). Fracture mechanics-its applicability to
concrete. Proceedings of the Society of Materials Science Conference on the
Mechanical Behavior of Materials. 113-124.

Kesler, C. E. (1970). Fatigue and fracture of concrete, Stanton Walker Lecture Series
of the Materials Sciences,National Sand and Gravel Association and National
Ready Mixed Concrete, Association. University of Maryland, College Park.

KGM. (2013). Karayolu Teknik Sartnamesi (Yol Ustyapisi, Sanat Yapilari, Koprii ve

180


http://www.jci-net.or.jp/j/jci/study/jci_standard/JCI-S-001-2003-e.pdf

Tiineller, Ustyapr ve Cesitli Isler). Retrieved September 20, 2019, from
https://www.tamyol.com.tr/UserFiles/Content/KGM Teknik Sartnamesi 2013.

pdf.

Khalilpour, S., BaniAsad, E., & Dehestani, M. (2019). A review on concrete fracture
energy and effective parameters. Cement and Concrete Research, 120, 294-321.

Kim, H., & Buttlar, W. G. (2009). Discrete fracture modeling of asphalt
concrete. International Journal of Solids and Structures, 46(13), 2593-2604.

Kim, J.-K., & Kim, Y.-Y. (1996). Experimental study of the fatigue behavior of high
strength concrete. Cement and Concrete Research, 26(10), 1513-1523.

Kumar, S., & Barai, S. V. (2011). Concrete fracture models and applications. Springer
Science & Business Media.

LaHucik, Jeff, Dahal, S., Roesler, J., & Amirkhanian, A. N. (2017). Mechanical
properties of roller-compacted concrete with macro-fibers. Construction and
Building Materials, 135, 440-446.

LaHucik, Jeffrey, & Roesler, J. (2017). Field and Laboratory Properties of Roller-
Compacted Concrete Pavements. Transportation Research Record: Journal of
the Transportation Research Board, (2630), 33-40.

Lange-Kornbak, D., & Karihaloo, B. L. (1996). Design of concrete mixes for
minimum brittleness. Advanced Cement Based Materials, 3(3-4), 124-132.

Lee, M. K., & Barr, B. I. G. (2004). An overview of the fatigue behaviour of plain and
fibre reinforced concrete. Cement and Concrete Composites, 26(4), 299-305.

Lee, S. W., Cho, Y.-H., & Park, C. (2014). Mechanical performance and field
application of low cement based concrete under compaction energy. KSCE
Journal of Civil Engineering, 18(4), 1053-1062.

181


https://www.tamyol.com.tr/UserFiles/Content/KGM_Teknik_Sartnamesi_2013.pdf
https://www.tamyol.com.tr/UserFiles/Content/KGM_Teknik_Sartnamesi_2013.pdf

Lin, C.,Jin, X., & Li, Z. (2004). Experimental study on some factors affecting fracture
property of concrete [J]. China Concrete and Cement Products, 5, 7-9.

Masad, E., Muhunthan, B., Shashidhar, N., & Harman, T. (1999). Quantifying
laboratory compaction effects on the internal structure of asphalt concrete.
Transportation Research Record: Journal of the Transportation Research
Board, (1681), 179-185.

McCall, J. T. (1958). Probability of fatigue failure of plain concrete. Journal
Proceedings, 55, 233-244.

Mindess, S., & Nadeau, J. S. (1976). Effect of notch width on Klc for mortar and
concrete. Cement and Concrete Research, 6(4), 529-534.

Modarres, A., & Hosseini, Z. (2014). Mechanical properties of roller compacted
concrete containing rice husk ash with original and recycled asphalt pavement
material. Materials & Design, 64, 227-236.

Mokwa, R., Cuelho, E., & Browne, M. (2008). Laboratory Testing of Soil Using
Superpave Gyratory Compactor. Transportation Research Board, 1(1), 14-17.

Murdock, J. W., & Kesler, C. E. (1958). Effect of range of stress on fatigue strength
of plain concrete beams. In Journal of the American Concrete Institue
Proceedings, 55, 221-231.

Nallathambi, P., & Karihaloo, B. L. (1986). Determination of specimen-size
independent fracture toughness of plain concrete. Magazine of Concrete
Research, 38(135), 67-76.

Neal, J. A., & Kesler, C. E. (1964). Fifth Progress Report Mechanism of Fatigue
Failure in Concrete. Department of Theoretical and Applied Mechanics,
University of Illinois.

Neocleous, K., Angelakopoulos, H., Pilakoutas, K., & Guadagnini, M. (2011). Fibre-

182



reinforced roller-compacted concrete transport pavements. Proceedings of the
ICE-Transport, 164(TR2), 97-109.

Neocleous, K., Pilakoutas, K., & Guadagni, M. (2009). EcoLanes: Paving the Future
for Environmentally-Friendly and Economical Concrete Roads. Intersections,
6(2), 59-74.

Okamoto, P. A. (2008). Roller Compacted Concrete Pavement Properties (RCA R&D
Serial No. SN2996). Portland Cement Association, Skokie, IL.

Ozcan, S. (2008). Bonding Efficiency Of Roller Compacted Concrete With Different
Bedding Mixes. Middle East Technical University. Retrieved from
http://etd.lib.metu.edu.tr/upload/12610189/index.pdf

Oztiirk, H. 1., Tan, B. E., Sengiin, E., Yaman, . O. (2019), “Comparison of Jointed
Plain Concrete Pavement Systems Designed by Mechanistic-Empirical (M-E) Method
for Different Traffic, Subgrade, Material and Climatic Conditions”, Journal of the
Faculty of Engineering and Architecture of Gazi University, 34(2), 771-783.

Packard, R. G. (1984). Thickness design for concrete highway and street pavements,
Portland Cement Association (PCA).Skokie, 111.

Paris, P. C., Gomez, M. P., & Anderson, W. E. (1961). A Rational Analytical Theory
of Fatigue, The Trend in Engineering, 13(1), 9-14.

Pasetto, M., & Baldo, N. (2014). Comparative analysis of compaction procedures of
unbound traditional and non-conventional materials. In Pavements Unbound:
Proceedings of the 6th International Symposium on Pavements Unbound
(UNBAR 6), 6-8 July 2004, Nottingham, England.

Peterson, R., Mahboub, K., Anderson, R., Masad, E., & Tashman, L. (2003).
Superpave® laboratory compaction versus field compaction. Transportation
Research Record: Journal of the Transportation Research Board, (1832), 201
208.

183


http://etd.lib.metu.edu.tr/upload/12610189/index.pdf

Pittman, D. (2012). “U.S. Army Corps of Engineers Experience with Roller
Compacted Concrete Pavements.” Symposium on Integrated Cement Based
Pavement Soluations, Part 2: Roller Compacted Concrete Pavements. American
Concrete Institute.

Planas, J., & Elices, M. (1989). Size effect in concrete structures: Mathematical
approximations and experimental validation. Cracking and Damage’, Edited by
J. Mazars and ZP Bazant (Elsevier, London, 1989), 462—476.

RILEM, (1990). 89-FMT Committee Fracture Mechanics of Concrete,Determination
of fracture parameters of plain concrete using three-point bend tests. Materials
and Structures, 23(6), 457-460.

Roden, R. (2013). RCC Fatigue Model Development by the American Concrete
Pavement Association ( ACPA ) — Interim Report. American Concrete Pavement
Association (ACPA).

Roesler, J., Paulino, G., Gaedicke, C., Bordelon, A., & Park, K. (2007). Fracture
behavior of functionally graded concrete materials for rigid pavements.
Transportation Research Record: Journal of the Transportation Research
Board, (2037), 40-49.

Sarker, P. K., Haque, R., & Ramgolam, K. V. (2013). Fracture behaviour of heat cured
fly ash based geopolymer concrete. Materials & Design, 44, 580-586.

Schrader, E. (1992). Roller-Compacted Concrete for Dams — State of the Art. In
International Conference on Advances in Concrete Technology. Athens, Greece.

Schrader, E. (2003). Appropriate laboratory compaction methods for different types
of Roller Compacted Concrete (RCC). In Proceeding of the 4th International
symposium on RCC Dams, Madrid, Espafia.

Sengun, E., Aykutlu, M. A., & Yaman, O. (2017). Silindirle Sikistirilmis Beton Yollar
Uzerine Giincel Bir Tarama-Béliim 1: Ozellikleri ve Karisim Tasarimi. Cement
and Concrete World, 22(130), 93-114.

184



Service d’Expertise en Matériaux, S. (2003). Rapport de [’étude des caractéristiques
du béton compacté au rouleau routier. Montreal, Québec, Canada.

Shah, S. P., & McGarry, F. J. (1971). Griffith fracture criterion and concrete. Journal
of the Engineering Mechanics Division, 97(6), 1663-1676.

Shi, X., Mirsayar, M., Mukhopadhyay, A., & Zollinger, D. (2019). Characterization
of two-parameter fracture properties of portland cement concrete containing

reclaimed asphalt pavement aggregates by semicircular bending specimens.
Cement and Concrete Composites, 95, 56-69.

Stephens, R. I., Fatemi, A., Stephens, R. R., & Fuchs, H. O. (2000). Metal fatigue in
engineering. John Wiley & Sons.

Strange, P. C., & Bryant, A. H. (1979). Experimental tests on concrete fracture.
Journal of the Engineering Mechanics Division, 105(2), 337-342.

Sun, W, Liu, J., Qin, H., Zhang, Y., Jin, Z., & Qian, M. (1998). Fatigue Performance

and Equations of Roller Compacted Concrete with Fly Ash. Cement and
Concrete Research, 28(2), 309-315.

Tasdemir, C., Tasdemir, M. A., Grimm, R., & Konig, G. (1995). Microstructural

effects on the brittleness of high strength concrete. Fracture Mechanics of
Concrete Structures, 125-134.

Tasdemir, M. A., & Karihaloo, B. L. (2001). Effect of aggregate volume fraction on

the fracture parameters of concrete: a meso-mechanical approach. Magazine of
Concrete Research, 53(6), 405-415.

Tayabiji, S. D., & Okamoto, P. A. (1987). Engineering properties of roller-compacted
concrete. Transportation Research Record, (1136).

TS EN. (2002). 197-1. Cement—Part 1: compositions and conformity criteria for
common cements. Turkish Standard Institution.

185



Van Ornum, J. L. (1903). The fatigue of cement products. Transactions of the
American Society of Civil Engineers, 51(2), 443-445.

Wang, B., Zhang, X., Dai, J., & Xu, S. (2011). Critical crack tip opening displacement
of different strength concrete. Journal of Central South University of Technology,
18(5), 1693.

Wang, C., Chen, W., Hao, H., Zhang, S., Song, R., & Wang, X. (2018). Experimental
investigations of dynamic compressive properties of roller compacted concrete
(RCC). Construction and Building Materials, 168, 671-682.

Westergaard, H. M. (1939). Bearing pressures and cracks. Journal of Applied
Mechanics, 6(2), A49-A53.

Williams, H. A. (1943). Fatigue Tests of Lightweight Aggregate Concrete Beams. In
Journal Proceedings, 39, 441-448.

Williams, S. (2013). Comparison of the Superpave Gyratory and Proctor Compaction
Methods for the Design of Roller-Compacted Concrete Pavements.
Transportation Research Record: Journal of the Transportation Research
Board, (2342), 106-112.

Wohler, A. (1860). Versuche zur Ermittlung der auf die Eisenbahnwagenachsen
einwirkenden Krafte und die Widerstandsfaihigkeit der Wagen-Achsen.
Zeitschrift Fur Bauwesen, X, 583-616.

Xu, S., & Reinhardt, H. W. (1999). Determination of double-K criterion for crack
propagation in quasi-brittle fracture, Part Il: Analytical evaluating and practical
measuring methods for three-point bending notched beams. International
Journal of Fracture, 98(2), 151-177.

Xu, S., & Zhang, X. (2008). Determination of fracture parameters for crack
propagation in concrete using an energy approach. Engineering Fracture
Mechanics, 75(15), 4292-4308.

186



Yaman, 1. O., & Ceylan, H. (2013). Silindirle sikistirilmis beton yollar. 7.H.B.B Hazir
Beton Dergisi, 69-82.

Yan, A., Wu, K.-R., Zhang, D., & Yao, W. (2001). Effect of fracture path on the
fracture energy of high-strength concrete. Cement and Concrete Research,
31(11), 1601-1606.

Yimprasert, P., & McCullough, B. F. (1973). Fatigue and stress analysis concepts for
modifying the rigid pavement design system. Texas Transportation Institute.
Arlington, TX United States.

Zhang, B., Phillips, D. V, & Wu, K. (1996). Effects of loading frequency and stress
reversal on fatigue life of plain concrete. Magazine of Concrete Research,
48(177), 361-375.

Zhao, Z., & Xu, S. (2001). Influence of compressive strength of concrete upon new
K_R-curve based on the cohesive force. Journal of Hydroelectric Engineering,
74,11-21.

Zhou, F. P., Barr, B. I. G., & Lydon, F. D. (1995). Fracture properties of high strength
concrete with varying silica fume content and aggregates. Cement and Concrete
Research, 25(3), 543-552.

187






CURRICULUM VITAE

PERSONAL INFORMATION

Surname, Name : Sengiin, Emin

Nationality : Turkish (TC)

Date and Place of Birth : 1 January 1989, Tokat

Phone 490 312 210 22 92

E-mail : esengun@ybu.edu.tr

EDUCATION

Degree Institution Year of Graduation
MS ITU Civil Engineering 2013

BS YTU Civil Engineering 2010

High School = Tokat Anadolu High School, Tokat 2006

WORK EXPERIENCE

Year Place Enrollment
2013-Present  AYBU Civil Engineering Research Assistant
2010-2013 YTU Civil Engineering Research Assistant

FOREIGN LANGUAGES

Advanced English,

189



PUBLICATIONS
Journals

1. Sengiin, E., Alam, B., Shabani, R., Yaman, 1. O., “The Effects of Compaction
Methods and Mix Parameters on the Properties of Roller Compacted Concrete
Mixtures”, Construction and Building Materials, VVol: 228, pp: 116807, 2019.

2. Oztiirk, H. 1., Tan, B. E., Sengiin, E., Yaman, i. O., “Comparison of Jointed Plain
Concrete Pavement Systems Designed by Mechanistic-Empirical (M-E) Method for
Different Traffic, Subgrade, Material and Climatic Conditions”, Journal of the Faculty
of Engineering and Architecture of Gazi University, 34:2, 771-783, 2019.

3. Sengiin, E., Aykutlu, M. A., Yaman, I. O., “State of Art Review of Roller
Compacted Concrete Pavements — Part 1l: Compaction Methodology and Field
Applications”, Cement and Concrete World, Vol:23, No:134, ISSN 1301-0859, 2018,
pp. 60-78.

4. Sengiin, E., Aykutlu, M. A., Yaman, 1. O., “State of Art Review of Roller
Compacted Concrete Pavements — Part I: Properties and Mixture Design”, Cement
and Concrete World, Vol:22, No0:130, ISSN 1301-0859, 2017, pp. 93-114.

5. Sengiin, E., Yaman, I. O., Ceylan H.““An Overview on Rigid Pavement
Specifications in Developed Countries ”, Cement and Concrete World, Vol:21,

No:123, ISSN 1301-0859, 2016, pp. 77-86.

6. Sengiin, E., Kiran, E., Yaman, I. O., “Opportunities for Concrete Pavements and
Concrete Safety Barriers in Turkey”, Cement and Concrete World, Vol:22, No:126,
ISSN 1301-0859, 2017, pp. 72-82.

International Conferences

1. Sengiin, E., Shabani, R., Alam, B., Yaman, I. O., “The Effect of Set Retarding and
Plasticizer Admixtures on the Fresh and Hardened Properties of Roller Compacted
Concrete”, 10. International Concrete Congress-Recent Advances in Concrete
Technology, Cilt:1, Sayfa: 288-296, BAOB Campus, Bursa, Turkey, 2-4 May 2019.

2. Sengiin, E., Yaman, 1. O., “Concrete Road... Why not?”, 10. International Concrete
Congress-Recent Advances in Concrete Technology, Cilt:1, Sayfa: 288-296, BAOB
Campus, Bursa, Turkey, 2-4 May 2019.

3. Shabani, R., Sengiin, E., Oztiirk, H. I., Alam, B., Yaman, I. O., “Evaluation of
Superpave Gyratory Compaction Method (SGC) for Roller Compacted Concrete
(RCC) Mixture Design”, Transportation Record Board (TRB) 98" Annual Meeting,
Poster Presentation, Washington DC, US, January 2019.

190



4. Sengiin, E., Shabani, R., Alam, B., Yaman, 1. O., “Comparison of Several
Laboratory Compaction Practices Applied on Roller Compacted Concrete Pavements”
12" International Congress on Civil Engineering (ACE 2018), presented, Ege
University, izmir, Turkey, 12-14 September 2018.

5. Sengiin, E., Aykutlu, M. A., Shabani, R., Alam, B., Yaman, 1. O., “Comparison of
Laboratory Practices for Roller Compacted Concrete Pavements”, 13th International
Symposium of Concrete Roads (13th ISCR-2018), presented, Berlin, Germany, 19-22
June 2018.

6. Ardoga, M. K., Sengiin,E., Alam B., Yaman, 1. O., “Determination of the Tensile
Strength of Different Fiber Reinforced Concrete Mixtures”,12 th International

Congress on Civil Engineering (ACE 2016), presented, Bogazici University, Istanbul,
Turkey, 21-23 September 2016.

7. Sengiin,E., Alam B., Yaman, I. O., “High Performance Fiber Reinforced Concrete
for Pavements”,12th International Congress on Civil Engineering (ACE 2016),
presented, Bogazi¢i University, Istanbul, Turkey, 21-23 September 2016.

8. Sengiin,E., Alam B., Yaman, I. O., “Effect of Synthetic Fibers on Energy
Absorption Capacity of Normal and High Performance Concrete ”, 2st International
Scientific Conference: Civil Engineering- Present Problems, Innovative Solutions
(CEPPIS 2016) , presented, UTP University of Science and Technology, Bydgoszcz,
Poland, 8 June 2016.

9. Sengiin,E., Alam B., Yaman, . O., “Effect of synthetic fibers on flexural
performance of normal and high performance concrete,9 th RILEM International
Symposium on Fiber Reinforced Concrete (BEFIB 2016),Vancouver, Canada, pp.
925-934,19-21 September 2016.

10. Sengiin, E., Berilgen, M., Incecik, M., “Effects of Using Different Constitutive
Soil Models for The Cavity Expansion Problem”, 8th European Conference on
numerical Methods in Geotechnical Engineering, vol.1, pp. 205-208, Delft, The
Netherlands, 18-20 June 2014.

191



